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Abstract 
In order to promote further understanding of the effects of the atmospheric environment 
encountered by road vehicles in the real world, a wind tunnel based investigation was 
conducted into the effect of small scale turbulence on the road vehicle optimisation 
process. An initial investigation was carried out using a I-box model with variable 
leading edge radii from 10mm to 100mm. Measurements of time averaged forces were 
made over a range of Reynolds numbers from 200,000 to 1,300,000 (based on the 
square root of frontal area) and free stream turbulence levels from 0.2% to 5.1%. The 
transcritical Reynolds number based on edge radius was established as a basis for 
comparison between turbulence levels. Centreline pressures and PlV vector fields are 
presented to provide information on separation and reattachment. The investigation was 
extended to a more representative 2-box model using the same radii as before and a 
reference model at full scale, where the edge radii varied from 25mm to 150mm and 
turbulence intensity from 1.8% to 4.3%. It was shown that there is a strong reduction of 
separation under increased turbulence, and a small increase in skin friction. 
A further experiment was carried out to investigate the influence of freestream 
turbulence on the characteristic effect of changing backIight angle on lift and drag. It is 
shown that there was a reduction in drag due to the action of turbulence on the 
separation over the backIight, which may be driven by an effect on vortex strength. 
Tests were also carried out on two full scale vehicles to investigate the effect of 
increasing turbulence intensity on front and rear spoilers, cooling drag, and A-pillar 
vortex flows. The observed changes were small but would often be cumulative in their 
effect, so that optimising a vehicle in a significantly different turbulence level could 
produce a difference in the total forces acting on the vehicle. 
These experiments have shown that the primary effect of the additional freestream 
turbulence introduced by grids is on the boundary layer, as was expected from the 
literature. The results showed that increasing the turbulence intensity made separated 
regions smaller, and suggested that vortices become weaker and less well defined. The 
work provides a basis for continuing to investigate the effect of freestream turbulence 
on the process of optimising the aerodynamics of road vehicles. 
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"Big whorls have little whorls, 
Whichfeed on their velocity; 
And little whorls have lesser whorls, 
And so on to viscosity 
(in the molecular sense). " 
- Richardson [1] 
v 
Table of Contents 
Chapter 1 
1.1 
1.2 
1.2.1 
1.2.2 
1.2.3 
1.2.4 
1.2.5 
1.3 
Chapter 2 
2.1 
2.1.1 
2.1.2 
2.2 
2.2.1 
2.2.2 
2.3 
2.4 
Chapter 3 
3.1 
3.2 
3.2.1 
3.2.2 
3.2.3 
3.2.4 
3.3 
3.3.1 
3.3.2 
3.3.3 
3.4 
3.4.1 
3.4.2 
3.5 
Chapter 4 
4.1 
4.2 
4.2.1 
4.3 
4.4 
4.4.1 
4.4.2 
4.4.3 
4.5 
Chapter 5 
5.1 
5.1.1 
5.1.2 
5.1.3 
Introduction ................................................................................................... 1 
The vehicle optimisation process .............................................................. 3 
The effect of turbulence ............................................................................ 7 
Turbulence in the real world ..................................................................... 8 
Dividing the micrometeorological scale ................................................. 11 
Wind tunnel testing with turbulence generation ..................................... 12 
Turbulence experienced by a vehicle following a vehicle ...................... 18 
Summary of the effect ofturbulence ...................................................... 19 
Objectives ................................................................................................ 20 
Experimental method .................................................................................. 23 
Details of the wind tunnels ...................................................................... 24 
The Loughborough model scale tunneL ................................................. 24 
The MlRA full scale wind tunnel ........................................................... 25 
Turbulence generation ............................................................................. 26 
Model scale ............................................................................................. 26 
Full scale ................................................................................................. 31 
Accuracy and repeatability ...................................................................... 32 
Effect of the wind tunnel boundary layer ................................................ 34 
Edge radius optimisation of a simple modeL ............................................. 39 
Model details and test procedure ................................ : ............................ 40 
The effect of turbulence on drag ............................................................. 42 
Clean tunnel drag results ......................................................................... 42 
Summary of clean tunnel drag results ..................................................... 53 
Drag results with additional turbulence .................................................. 54 
Summary of results with increased freestream turbulence ..................... 66 
The effect of turbulence on lift ................................................................ 67 
Clean tunnel lift results ........................................................................... 67 
Lift coefficient results with increased freestream turbulence ................. 70 
Summary ofthe lift results ...................................................................... 73 
The effect of turbulence on the centreline pressure distribution ............. 74 
Effect ofturbulence on the top surface pressure distribution ................. 74 
Base pressure distribution ....................................................................... 80 
Summary ................................................................................................. 86 
Flowfield measurement ............................................................................... 89 
PIV technique .......................................................................................... 90 
Sources of error ....................................................................................... 93 
Statistical errors in mean and Lm.S vector fields .................................... 95 
PIV experimental setup ........................................................................... 96 
Flow visualisation results ........................................................................ 99 
Instantaneous flow fields ........................................................................ 99 
Reynolds number effects ....................................................................... 106 
Freestream turbulence effects ............................................................... 109 
Summary ............................................................................................... 113 
Edge radius optimisation with different models ....................................... 115 
2-box model. .......................................................................................... 116 
Model details and test method .............................................................. 116 
Clean tunnel drag results ....................................................................... 117 
Drag results with increased freestream turbulence ............................... 120 
VI 
5.2 
5.2.1 
5.2.2 
5.2.3 
5.2.4 
5.2.5 
5.2.6 
5.3 
Chapter 6 
6.1 
6.2 
6.2.1 
6.2.2 
6.2.3 
6.3 
Chapter 7 
7.1 
7.1.1 
7.1.2 
7.1.3 
7.2 
7.2.1 
7.2.2 
7.2.3 
7.2.4 
7.2.5 
7.3 
Chapter 8 
Chapter 9 
Chapter 10 
Full scale model tests ............................................................................ 122 
Model details and test procedure .......................................................... 122 
Clean tunnel drag results ....................................................................... 123 
Results with increased freestream turbulence ....................................... 125 
Effect of turbulence on the post-critical drag coefficient ..................... 128 
Clean tunnel lift results ......................................................................... 129 
Effect of increased freestream turbulence on lift .................................. 131 
Summary ............................................................................................... 132 
The influence offreestream turbulence on the effects ofbacklight angle 133 
Model details and test method ............................................................... 134 
Results ................................................................................................... 135 
Reynolds number effects ...................................................................... 135 
Drag and lift results with increased freestream turbulence ................... 136 
The effect of turbulence on yaw moment.. ........................................... 142 
Summary ............................................................................................... 143 
Effect offreestream turbulence on practical vehicle development.. ......... 145 
Further tests on MlRA reference model.. .............................................. 146 
N otchback, fastback and estate back results ......................................... 147 
Front spoiler results .............................................................................. 149 
Rear spoiler results ................................................................................ 151 
Simple modifications to real vehicles (full scale) ................................. 154 
Baseline results at 0° yaw ..................................................................... 157 
Yaw sweep results ................................................................................ 158 
Rear spoilers ......................................................................................... 159 
Front spoilers, wheel spoilers and cooling drag ................................... 161 
A-Pillar Vortices ................................................................................... 164 
Summary ............................................................................................... 168 
Further work............................................................................................. 171 
Conclusions ............................................................................................... 175 
References ................................................................................................. 181 
vii 
Table of Figures 
Figure I Typical variation of drag coefficient with Reynolds number for a sphere ......... 5 
Figure 2 The 1.3m*1.9m wind tunnel (with a person to scale) ...................................... 24 
Figure 3 Bottom of grid showing I" masking tape scheme ............................................ 26 
Figure 4 Tu for all turbulence levels on the tunnel centreline, model position centre, at 
30m/s ........................................................................................................................ 27 
Figure 5 Variation in average windspeed with tunnel height at the centreline of the 
tunnel, centre of the model position, at about 30m/s ............................................... 29 
Figure 6 MlRA tunnel grid viewed from behind the model position (hotwire shown on 
turntable centre) ....................................................................................................... 32 
Figure 7 Drag coefficient repeatability test (40mm front at 00 yaw) .............................. 33 
Figure 8 Front and rear lift coefficient repeatability results (40mm front at 00 yaw) ..... 34 
Figure 9 The I-box model with 7 ofthe front sections (40mm-1 OOmm) ...................... .41 
Figure 10 I-box model drawing with dimensions in mm (70mm front section fitted) .. .42 
Figure II Variation of drag coefficient at 00 yaw with Reynolds number (Edge radius as 
a parameter) .............................................................................................................. 4 3 
Figure 12 Variation of drag coefficient with Reynolds number for 40mm front section 
showing hysteresis loop ........................................................................................... 44 
Figure 13 Variation of Co with Reynolds number (40mm front only) showing flow 
regimes and transcritical Reynolds number ............................................................ .45 
Figure 14 Variation of drag coefficient at 00 Yaw with Reynolds number based on edge 
radius (Edge radius as a parameter) ........................................................................ .46 
Figure 15 Collapse of data for clean tunnel at zero yaw and comparison with Cooper .47 
Figure 16 Variation of CD with Rer for the 40mm front section (Yaw angle as a 
parameter) ................................................................................................................ 49 
Figure 17 Variation of Co with Rer for the 70mm front section (Yaw angle as a 
parameter) ................................................................................................................ 49 
Figure 18 Collapse of drag data for the clean tunnel with all yaw angles ...................... 50 
Figure 19 Variation of transcritical Reynolds number Rertcrit with yaw angle, clean 
tunnel (edge radius as a parameter) .......................................................................... 51 
Figure 20 Variation of base pressure with Reynolds number based on frontal area (edge 
radius as a parameter) ............................................................................................... 52 
Figure 21 Variation of base pressure with Reynolds number based on edge radius (edge 
radius as a parameter) ............................................................................................... 52 
Figure 22 Variation of CD with Reynolds number ReA, Tu=1.38% (edge radius as a 
parameter) ................................................................................................................ 54 
Figure 23 Variation of CD with Reynolds number Rer, Tu=1.38% (edge radius as a 
parameter) ................................................................................................................ 5 5 
Figure 24 Variation of CD with Reynolds number ReA, Tu=1.45% (edge radius as a 
parameter) ................................................................................................................ 5 6 
Figure 25 Variation of CD with Reynolds number ReA, Tu=3.41 % (edge radius as a 
parameter) ................................................................................................................ 56 
Figure 26 Variation of CD with Reynolds number ReA, Tu=5.13% (edge radius as a 
parameter) ................................................................................................................ 5 6 
Figure 27 Comparison oftranscritical Reynolds number at 00 yaw ............................... 57 
Figure 28 Comparison of drag coefficient variation at 00 yaw with Reynolds number 
based on edge radius (40mm front) (turbulence intensity as a parameter) .............. 60 
Figure 29 Variation of post-critical drag coefficient at 00 yaw with edge radius 
(Turbulence intensity as a parameter) ...................................................................... 61 
Vlll 
Figure 30 Change in post-critical drag coefficient with turbulence intensity (edge radius 
as a parameter) ......................................................................................................... 61 
Figure 31 Collapse of drag data for the first turbulence grid .......................................... 62 
Figure 32 Variation of transcritical Reynolds number Rertcrit with yaw angle 
(Tu=1.38%) .............................................................................................................. 62 
Figure 33 Variation of drag coefficient at 0° yaw with Reynolds number for the I-box 
model, Tu=1.38% (Edge radius as a parameter) ...................................................... 63 
Figure 34 Base pressure comparison, 40mm front only, with turbulence intensity as a 
parameter .................................................................................................................. 64 
Figure 35 Base pressure comparison, 30mm front only, with turbulence as a parameter 
.................................................................................................................................. 65 
Figure 36 Change in post-critical base pressure coefficient with turbulence intensity .. 65 
Figure 37 Variation of lift coefficient at 0° yaw with Reynolds number based on edge 
radius (Edge radius as a parameter) ......................................................................... 67 
Figure 38 Variation of front lift coefficient with Reynolds number based on edge radius 
(edge radius as a parameter) ..................................................................................... 68 
Figure 39 Variation of rear lift coefficient with Reynolds number based on edge radius 
(edge radius as a parameter) ..................................................................................... 68 
Figure 40 Collapse of front lift coefficient for the clean tunnel (CLF ) •••••••••••••••••••••••••••• 69 
Figure 41 Collapse of rear lift coefficient for the clean tunnel (CLR) ••••••••••••••••••••••••••••• 69 
Figure 42 Comparison of front and rear lift coefficients at 0° yaw with Reynolds 
number based on edge radius (40mm front) ............................................................ 71 
Figure 43 Change in post-critical CLF with additional freestream turbulence ................ 72 
Figure 44 Change in post-critical CLR with additional freestream turbulence ................ 73 
Figure 45 Tapping locations on the I-box model with the 40mm front section installed 
.................................................................................................................................. 74 
Figure 46 Top surface Cp results for the 30mm radius in the clean tunnel (windspeed as 
a parameter) .............................................................................................................. 75 
Figure 47 Top surface Cp results for 30mm radius with 1.45% turbulence grid 
(windspeed as a parameter) ...................................................................................... 76 
Figure 48 Top surface Cp results for the 30mm radius with 3.41% turbulence grid 
(windspeed as a parameter) ...................................................................................... 76 
Figure 49 Top surface Cp results, 30mm radius at 20mls with body profile shown (Tu as 
a parameter) .............................................................................................................. 77 
Figure 50 Top surface Cp results, 30mm radius at 30mls with body profile shown (Tu as 
a parameter) .............................................................................................................. 78 
Figure 51 Top surface Cp results, 30mm radius at 40mls with body profile shown (Tu as 
a parameter) .............................................................................................................. 78 
Figure 52 Top surface Cp results, 40mm radius at 30mls with body profile (Tu as a 
parameter) ................................................................................................................ 79 
Figure 53 Top surface Cp results, 100mm radius at 30mls with body profile (Tu as a 
parameter) ................................................................................................................ 80 
Figure 54 Variation in base pressure with vertical position for the 30mm radius in the 
clean tunnel (windspeed as a parameter) ................................................................. 81 
Figure 55 Variation in base pressure with vertical position, 30mm radius in 1.45% 
turbulence (windspeed as a parameter) .................................................................... 81 
Figure 56 Variation in base pressure with vertical position, 30mm radius at 20mls ...... 82 
Figure 57 Variation in base pressure with vertical position, 30mm radius at 30mls ...... 83 
Figure 58 Variation in base pressure with vertical position, 30mm radius at 40mls ...... 84 
Figure 59 Variation in base pressure with vertical position, 100mm radius at 30mls .... 84 
ix 
Figure 60 Variation in area weighted average Cpb with Tu at 20mls (edge radius as a 
parameter) ................................................................................................................ 8 5 
Figure 61 Variation in area weighted average Cpb with Tu at 30mls (edge radius as a 
parameter) ................................................................................................................ 85 
Figure 62 Variation in area weighted average Cpb with Tu at 40mls (edge radius as a 
parameter) ................................................................................................................ 8 5 
Figure 63 Setup showing model (centre) camera (top) and laser (bottom with light 
sheet) ........................................................................................................................ 91 
Figure 64 Example image pair (cropped) showing model (dark region) with seeding 
particles .................................................................................................................... 91 
Figure 65 PDF ofU mod.1 (from sample PlV image pair) ............................................ 94 
Figure 66 Example raw image showing the 30mm front at 15m/s in 1.45% turbulence, 
frame 1 ..................................................................................................................... 98 
Figure 67 30mm front section, clean tunnel, 15m1s frame 152 (half horizontal 
resolution) .............................................................................................................. 1 00 
Figure 68 30mm front section, clean tunnel, 15m/s frame 153 (half horizontal 
resolution) .............................................................................................................. 100 
Figure 69 30mm front section, clean tunnel, 15m/s frame 154 (half horizontal 
resolution) .............................................................................................................. 1 00 
Figure 70 30mm front section, clean tunnel, 15m1s frame 157 (half horizontal 
resolution) .............................................................................................................. 101 
Figure 71 30mm front section, clean tunnel, 40mls frame 120 (half horizontal 
resolution) .............................................................................................................. 102 
Figure 72 30mm front section, 1.38% turbulence, 15m/s frame 52 (half horizontal 
resolution) .............................................................................................................. 1 03 
Figure 73 30mm front section, 1.38% turbulence, 15m/s frame 53 (half horizontal 
resolution) .............................................................................................................. 1 03 
Figure 74 30mm front section, 1.38% turbulence, 15m/s frame 54 (half horizontal 
resolution) .............................................................................................................. 1 03 
Figure 75 30mm front section, 1.38% turbulence, 15m/s frame 55 (half horizontal 
resolution) .............................................................................................................. 1 04 
Figure 76 30mm front section, 3.4% turbulence, 15m/s frame 777 (half horizontal 
resolution) .............................................................................................................. 1 05 
Figure 77 30mm front section, 3.4% turbulence, 15m/s frame 778 (half horizontal 
resolution) .............................................................................................................. 105 
Figure 78 30mm front section, 3.4% turbulence, 15m/s frame 779 (half horizontal 
resolution) .............................................................................................................. 1 05 
Figure 79 30mm front section in 15m1s flow, clean tunnel (half horizontal resolution) 
(Re, = 30,000) ........................................................................................................ 1 07 
Figure 80 30mm front section in 20m/s flow, clean tunnel (half horizontal resolution) 
(Re, = 41,000) ........................................................................................................ 107 
Figure 81 30mm front section in 35m/s flow, clean tunnel (quarter horizontal and half 
vertical resolution) (Re, = 72,000) ......................................................................... 1 08 
Figure 82 30mm front section in 40m/s flow, clean tunnel (quarter horizontal and half 
vertical resolution) (Re, = 82,000) ......................................................................... 1 08 
Figure 83 40mm front section in 40m/s flow, clean tunnel .......................................... l 09 
Figure 84 30mm front section in 15m/s flow, 1.38% turbulence ................................. 1 10 
Figure 85 30mm front section in 15m/s flow, 1.45% turbulence ................................. 111 
Figure 86 30mm front section in 15m/s flow, 3.41 % turbulence ................................. 111 
Figure 87 30mm front section in 15m/s flow, 5.13% turbulence ................................. 112 
x 
Figure 88 2-box model mounted in the Loughborough wind tunnel... ......................... 116 
Figure 89 Dimensioned drawing of the 2-box model (40mm front section fitted) ....... 117 
Figure 90 Variation in drag coefficient with Reynolds number based on frontal area for 
the 2-box model (edge radius as a parameter) ....................................................... 118 
Figure 91 Variation in drag coefficient with Reynolds number based on edge radius for 
the 2-box model (edge radius as a parameter) ....................................................... 118 
Figure 92 Variation of transcritical Reynolds number with edge radius (model as a 
parameter) .............................................................................................................. 119 
Figure 93 Variation in drag coefficient for the 2-box model with the 1.45% turbulence 
grid installed with Reynolds number based on frontal area (edge radius as a 
parameter) .............................................................................................................. 121 
Figure 94 MlRA reference vehicle with leading edge radius modification fitted in the 
MIRA full scale tunnel ........................................................................................... 122 
Figure 95 Dimensioned drawing of the MIRA reference model .................................. 123 
Figure 96 Variation of CD with Reynolds number RA for the MlRA model, Tu=1.8% 
(edge radius as a parameter) ................................................................................... 124 
Figure 97 Variation in CD with Reynolds number Rer for the MIRA model, Tu=1.8% 
(edge radius as a parameter) ................................................................................... 125 
Figure 98 Variation of CD with Reynolds number Rer for the MlRA model, Tu=3.4% 
(edge radius as a parameter) ................................................................................... 126 
Figure 99 Variation of CD with Reynolds number Rer for the MlRA model, Tu=4.3% 
(edge radius as a parameter) ................................................................................... 126 
Figure 100 Variation in average transcritical Reynolds number with turbulence intensity 
for all three models (error bars show ±ls.d.) ......................................................... 127 
Figure 101 Variation of CD with Reynolds number for the 42mm front radius at full 
scale ........................................................................................................................ 128 
Figure 102 Variation of lift coefficient with Reynolds number based on edge radius for 
the full scale model (edge radius as a parameter) .................................................. 129 
Figure 103 Variation in front lift coefficient with Reynolds number at full scale (edge 
radius as a parameter) ............................................................................................ 130 
Figure 104 Variation in rear lift coefficient with Reynolds number at full scale (edge 
radius as a parameter) ............................................................................................ 130 
Figure 105 Variation in front and rear lift coefficients at full scale for the 42mm radius 
only (turbulence intensity as a parameter) ............................................................. 131 
Figure 106 The Windsor model installed in the Loughborough model scale tunnel.... 134 
Figure 107 Variation of drag coefficient with Reynolds number for the clean tunnel 
(back angle as a parameter) .................................................................................... 13 5 
Figure 108 Variation in drag coefficient with back angle to compare Newnham and 
Windsor .................................................................................................................. 136 
Figure 109 Variation in drag with back angle (Tu as a parameter) .............................. 137 
Figure 110 Variation in drag with back angle as LlCD values (Tu as a parameter, Tu = 
0.2% as a baseline) ................................................................................................. 138 
Figure 111 Variation in lift coefficient with back angle (turbulence intensity as a 
parameter) .............................................................................................................. 139 
Figure 112 Variation in lift with back angle as LlCL values (Tu as a parameter, Tu = 
0.2% as a baseline) ................................................................................................. 140 
Figure 113 Variation in rear lift with back angle as LlCLR values (Tu as a parameter, Tu 
= 0.2% as a baseline) .............................................................................................. 140 
Figure 114 Variation in front lift with back angle as LlCLF values (Tu as a parameter, Tu 
= 0.2% as a baseline) .............................................................................................. 142 
xi 
Figure 115 Variation ofyaw moment derivative with back angle (turbulence intensity as 
a parameter) ............................................................................................................ 143 
Figure 116 Variation in yaw moment derivative with back angle as L'.dCMZ/da values 
(Tu as a parameter, Tu= 0.2% as a baseline) ........................................................ 143 
Figure 117 Schematic diagram of front and rear spoiler locations ............................... 146 
Figure 118 Variation of CD with drag coefficient for the MlRA model (configuration as 
a parameter) ............................................................................................................ 147 
Figure 119 Variation in CL with turbulence intensity (configuration as a parameter) .148 
Figure 120 Change in CLF with turbulence intensity (configuration as a parameter) ... 148 
Figure 121 Change in CLR with turbulence intensity (configuration as a parameter) .. .149 
Figure 122 Variation in front lift with front spoiler depth ............................................ ISO 
Figure 123 Variation in rear lift with front spoiler depth ............................................. 150 
Figure 124 Variation in CD with front spoiler depth ..................................................... 151 
Figure 125 Variation in rear lift with rear spoiler height... ........................................... 152 
Figure 126 Variation in front lift with rear spoiler height ............................................ 152 
Figure 127 Variation in CD with rear spoiler height.. ................................................... 153 
Figure 128 Jaguar XJ8 (X350) in the MlRA full scale wind tunnel, with the turbulence 
grid installed ........................................................................................................... 154 
Figure 129 Land Rover Discovery 3 (L319) in the MlRA full scale wind tunnel... ..... 156 
Figure 130 Change in baseline vehicle drag coefficient with turbulence intensity ...... 157 
Figure 131 Variation in baseline vehicle overall lift with turbulence intensity ............ 158 
Figure 132 Variation in drag coefficient with yaw angle for the baseline X350 .......... 159 
Figure 133 Change in drag coefficient for the baseline L319 ...................................... 159 
Figure 134 Change in rear lift coefficient with rear spoiler height for X350 ............... 160 
Figure 135 Change in drag coefficient with rear spoiler height for X350 .................... 160 
Figure 136 Change in rear lift coefficient with rear spoiler height for L319 ............... 161 
Figure 137 Change in drag coefficient with rear spoiler height for L319 .................... 161 
Figure 138 Variation in drag with turbulence intensity for the wheel spoilers, front 
spoiler and cooling drag for the X350 .................................................................... 162 
Figure 139 Variation in lift with turbulence intensity for the wheel spoilers, front spoiler 
and cooling drag for the X350 ............................................................................... 162 
Figure 140 Variation in drag with turbulence intensity for wheel spoilers and cooling 
drag for the L319 .................................................................................................... 163 
Figure 141 Variation in lift with turbulence intensity for wheel spoilers and cooling 
drag for the L319 .................................................................................................... 164 
Figure 142 Wool tuft photo, clean tunnel ..................................................................... 164 
Figure 143 Wool tuft photo, 3.4% grid ......................................................................... 165 
Figure 144 Wool tuft photo, 4.3% grid ......................................................................... 165 
Figure 145 Flourescene visualisation of A-pillar vortex, 1.8% turbulence vs. 3.4% ... 166 
Figure 146 Flourescene visualisation of wing mirror flow, 1.8% turbulence vs. 3.4% 167 
Figure 147 Flourescene side glass flow visualisation, 4.3 % turbulence ........................ 167 
xii 
Table of Tables 
Table 1 Balance range and accuracy ............................................................................... 25 
Table 2 Length scales in the model tunnel ..................................................................... 30 
Table 3 Boundary layer thickness variation with Reynolds number .............................. 36 
Table 4 Details of I-box model sizing ............................................................................ 41 
Table 5 Variation in average transcritical Reynolds number with yaw angle ................ 50 
Table 6 Variation in average Rertcrit with turbulence for the drag results at 0° yaw ....... 55 
Table 7 Comparison of transcritical Reynolds numbers for drag and lift coefficients ... 70 
Table 8 Variation in front and rear transcritical Reynolds number with turbulence at 0° 
yaw ........................................................................................................................... 71 
Table 9 Details of 2-box model sizing .......................................................................... 116 
Table 10 Comparison oftranscritical Reynolds number for the I-box and 2-box models 
................................................................................................................................ 120 
Table 11 Test details for the XJ8 .................................................................................. 155 
Table 12 Test details for the Discovery ........................................................................ 157 
xiii 
Nomenclature 
o· 
Eu 
Eu' 
11 
').. 
P 
0' 
A 
CD 
CDtcrit 
CL 
CLF 
CLR 
ep 
Cpb 
f 
L 
LM 
P 
poe 
PIV 
r 
ReA 
Recrit 
Rer 
Rertcrit 
Retcrit 
T 
Tu 
U 
U 
U' 
Umass 
Z 
boundary layer thickness calculated as the point where U =99% of 
freestream (mm) 
boundary layer momentum thickness (mm) 
error in U (mls) 
error in u' (mls) 
non-dimensional edge radius based on the square root offrontal area 
wavelength (m) 
density (kg/m3) 
standard deviation 
frontal area (m2) 
drag coefficient 
trans-critical drag coefficient 
lift coefficient 
front lift coefficient 
rear lift coefficient 
pressure coefficient 
base pressure coefficient 
frequency (Hz) 
macrolength scale (m) 
model length (m) 
local static pressure 
reference static pressure 
Particle Image Velocimetry 
front edge radius (m) 
Reynolds number based on the square root of frontal area 
critical Reynolds number 
Reynolds number based on front edge radius 
transcritical Reynolds number based on front edge radius 
transcritical Reynolds number 
integral time scale (from autocorrelation) (s) 
turbulence intensity (%) 
time averaged windspeed (mls) 
fluctuating component in the U direction (mls) 
r.m.s. ofu (mls) 
average centre of mass of recorded velocities in a PIV vector field (mls) 
constant relating to the confidence interval of a statistical error 
xiv 
Chapter 1 
Introduction 
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There is a continuing requirement to improve the aerodynamic design of road vehicles 
to reduce drag, improve fuel consumption, reduce carbon dioxide output, and provide a 
more refined driving experience. To this end it is desirable to investigate improvements 
to testing methods to more accurately simulate conditions on the road. A better 
understanding of the real world aerodynamic environment and its effect on the flowfield 
around a moving vehicle, and the consequent forces it experiences, could positively 
influence the design process and provide the engineer with new tools for optimising 
road vehicles. 
This thesis reports on a wind tunnel based investigation into the effect of small scale 
turbulence on the road vehicle optimisation process. To gain an insight into how raised 
levels of turbulence might affect the decisions made over small detail changes, an 
investigation was carried out using a simple I-box model with variable leading edge 
radius. Measurements were made of the forces acting on the model over a range of 
Reynolds numbers and turbulence levels. Centre line pressures were recorded and PlV 
was used to provide information on separation and reattachment and some insight into 
the time varying separated flows around smaller radii. The edge radius experiment was 
extended to investigate the effect of turbulence on a more representative 2-box model 
and a well known automotive reference model at full scale. Having established that 
there is a strong effect of turbulence on separated flows, and a weaker effect on skin 
friction, further parametric tests were carried out to look at using the same technique on 
other commonly used detail changes, such as the back angle on a fast back type model, 
and front and rear spoilers on various models at full scale. The back angle model 
showed an effect of turbulence on vortex strength, which was also investigated by 
means of flow visualisation techniques on the A-pillar of a production road vehicle. It 
was found that additional turbulence does have an effect on the time averaged forces on 
the vehicle, which arise through changes in separations, vortex strengths and skin 
friction. These changes are often small, and individually inconsequential, but also often 
cumulative in their effect, so that optimising a vehicle in a significantly different 
turbulence level could produce different design decisions, which could add up to a 
valuable difference in the overall forces acting on the vehicle. The additional turbulence 
could also be useful in informing the aerodynamicist about problem areas ofthe car, for 
example wind noise around the A-pillar. These experiments have provided a basis for 
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continuing to investigate the effect of freestream turbulence on the process of 
optimising the aerodynamics of road vehicles. 
1.1 The vehicle optimisation process 
The aerodynamicist has a number of tasks to fulfil in vehicle design, some conflicting, 
some complementary, and some separate. They must try to improve the performance, 
for maximum speed and fuel economy, provide air for cooling the engine and brakes, 
for the engine to breathe, and to provide comfort to the passengers. They must ensure 
that the vehicle is aerodynamically stable, especially at high speed, with low wind noise 
and good control of spray and dirt deposition on the side glass and backlight. To 
achieve these varied objectives, they must work closely with other engineers to ensure 
that they hit their targets, whilst also satisfying the targets of safety, packaging, 
powertrains and RV AC, for example, and maintaining a vehicle shape that satisfies the . 
style constraints and customer expectations. 
Aerodynamic optimisation is therefore not undertaken in isolation but as a highly 
integrated part of the vehicle development process. There are not infinite variations 
available in shape or size, and the aerodynamicist must achieve the best possible 
compromise for the vehicle as a whole. A typical vehicle design process begins with 
early styling models made of clay. Once surface geometries are available, foam cut 
models are produced which are used by the aerodynamicist to evaluate the performance 
of the different concepts under consideration. The aerodynamic targets are set very 
early to ensure that the performance criteria set by marketing can be achieved [2]. 
These scale models are then developed by streamlining and refining of details, to 
produce a first choice candidate design. The winning concept(s) then moves forward to 
full scale styling bucks, some of which are used by the aerodynamicist. Work is then 
done on changes to the fine detail, in order to preserve the look of the vehicle whilst 
respecting all the other engineering targets that the vehicle must meet. For most new car 
projects, the desirability and therefore saleability of the vehicle is paramount. The 
market for new cars is very competitive, and the major selling point of anyone vehicle 
over another can often be the first impression it creates. A car that does not have the 
right look, but that has great performance, will often be outsold by a beautiful car with 
only average speed and fuel economy for the class, even for a sports car - the BMW Z8 
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being a notable example of a well-engineered and fast car which did not sell well 
because it was unappealing. 
For the aerodynamicist, the most important parameter, and the one to which the most 
effort is devoted, is the reduction of vehicle drag, for reasons of straight line 
performance, fuel economy and carbon dioxide emissions. The modem approach of 
refining the small details to achieve the required drag target is described by Hucho et al. 
[3]. Hucho started with the styling model, and built an aerodynamically shaped fairing 
onto the front, that would ensure fully attached flow. The design was based on an 
aircraft nosecone fairing. Having measured the drag of the model with this fairing, it 
was assumed that this was the minimum possible drag for an ideally optimised road 
vehicle nose built onto the styling buck. The fairing was removed, and a series of tests 
were made with parametric changes to angles of the radiator grill, or radius of the 
bonnet, for example. These fundamental tests indicated the correct direction to take for 
the final shape, which was then defined, including the grill detail and cooling air flow. 
It was shown that it is possible to use rounding, chamfering, and other small shape 
changes to reduce the drag to a value approaching, or equal to, the drag of the vehicle 
with fully aerodynamic fairings. The flow over the bonnet was also considered, as a 
fully attached flow here not only reduces drag, but provides a high pressure region at 
the base of the windscreen, forcing air into the heating, ventilation and air conditioning 
(HV AC) system. The final results were achieved without significantly affecting the 
sharp, angular style that was required by the stylists at the time. In a more complete 
analysis of a vehicle, the modifications will often be a compromise between conflicting 
effects on drag, lift, and lateral effects, and interference effects where a small increase 
in drag on the vehicle at one point is necessary in order to make a larger saving at 
another point. It may also not always be possible to achieve the ideal lowest possible 
drag due to styling constraints [2]. 
While Hucho' s modifications were mostly achieved by testing small incremental steps, 
selecting the modifications that made improvements and discarding those that moved 
the results away from the target, this method has since been developed further. Cooper 
[4] demonstrated an approach to front edge rounding where a range of edge radii were 
tested over a range of Reynolds numbers, and an optimum edge radius selected based 
on the results. Cooper's experiment used a model scaled to represent a generic truck, 
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but with all the detailing removed, so that it became a rectangular cuboid with an 
additional ITont section that had rad iused top and side leading edges. This section was 
replaceable. The experiment showed that there is a large Reynolds number effect on the 
ideal front edge radius, and Cooper recommended that a revised (from the SAE 
standard) minimum Reynolds number ReA of2*106 (based on the square root of fronta l 
area) should be used if model scale testing is to be used to optimise edge radius. In 
practice, however, model scale testing is used to provide information about the relative 
merits of different body schemes, and detailed optimisation is carried out using fu ll 
scale models. Cooper also examined the effect of changing the edge radius on 
transcritical Reynolds number, where transcriti cal Reynolds number is defined as the 
lowest Reynolds number, following the critical value, at which the CD becomes 
approximately a constant. The critical Reynolds number is defined as the point where 
the separated laminar boundary layer becomes unstable and begins to undergo transition 
to turbulent flow (Hoerner [5]). Pre-critical flow is therefore undesirable, as it describes 
a condition where there is a separated laminar boundary layer on the rad ius, and hence a 
high drag coefficient. Figure I shows the identification of the critical and transcritical 
Reynolds numbers (Re«;t and Ret«;t) for a sphere. 
Reteri! 
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Figure 1 Typical variation of drag coefficient with Reynolds number for a sphere 
The results showed that it was possible to co llapse the results for transcritical Reyno lds 
number onto a constant value by recalculating the Reynolds number based on front 
edge radius. This approach wi ll be repeated in thi s work, and the effect of turbulence on 
the constant value examined. Cooper used the results to determine an optimum value 
for the edge radius at model scale, and claimed that the results would be comparable to 
full scale, al though the maximum Reynolds number tested was 2.6* 106 Examination of 
the graphs shows that there exists the possibility that smaller radii could undergo 
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transition to full y attached tlow at a higher Reynolds number, and it wo uld appear that 
in fact to va lidate Cooper' s claim for a con'ect optimum radius, the experiment would 
have to be done on the same model at full scale. However, it is not the aim of thi s 
project to demonstrate a valid optimum edge radius at model scale, but to understand 
the mechanisms and trends in the data in order to produce methods for full scale testing. 
It should be noted that one of Cooper' s key assumptions is that the optimum radius is 
the smallest one that undergoes transition to fu lly attached flow. This may be an old 
fashioned view, driven by the predominant sty ling of cars when the paper was 
originally written in 1986 - for example, the vertical leading edge rad ii on the Land 
Rover Discovery 3 were made quite large without compromising the bluff sty ling 
language. Current vehicle des ign tends towards more complex curved bodies, for 
aerodynamic and pedestrian safety reasons as well as a modern aesthet ic that regards 
flowing surfaces and lines more favo urably than in the '70s and '80s. Therefore, the 
effect of a more reali stic onset fl ow, such as with elevated levels of freestream 
turbulence, is of just as much interest for cases of large radii with attached fl ow as it is 
when considering tight radii or sharp edges where there may be separation. 
Barnard [6] notes that even more drag reduction can be achieved by giving the bonnet a 
smooth continuous curve from the stagnation point upwards, and this can be seen on 
many current road cars, where the grill at the front above the bumper is often largely 
decorati ve and less than half the area is actually used for under-bonnet flows, if any at 
all. Examples of this technique include the 2006 Honda Civic, where the grill that 
would usually be at the front of the bonnet was enti re ly replaced by a clear plastic 
styling feature that bears the company logo, and so the bonnet radius sweeps up 
continuously from the numberplate. 
At the rear of the car, large reductions in vehicle drag can be reali sed by adjusting the 
backlight angle for minimum drag. In Buchheim' s [7] parametri c study of general 
alterations over a whole vehicle, the most signifi cant factors affecting drag were 
backlight angle and rear end height, which are related. It was shown that there is a clear 
minimum drag coefficient, at around 15 degrees, and a pronounced maximum, at 
around 30 degrees, for the model used. 
This effect was explained in some detail by Ahmed [8] who investigated the flo w 
structures over the backlight of a s imple bluff body (the Ahmed model). A similar peak 
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in drag at 30 degrees was recorded, and a general form of flow structure for this high 
drag case was described. A pair of longitudinal vortices is formed on the C-pillars (in 
this document, the C-pillar refers to the rear pillar) and persists into the wake flow. The 
longitudinal vortices cause a downwash that helps the flow to stay attached, or to 
reattach if it separates. When there is separation, a semi-circular or semi-elliptic 
recirculation zone forms on the backIight between the vortices and the reattachment 
point. On the base of the vehicle, two opposing zones of recirculation form laterally 
across the base, one above the other. When the angle becomes too great, the downwash 
is no longer sufficient to cause reattachment and the flow breaks down, with no trailing 
vortices and a separation at the top edge of the backlight. Ahmed backed up this view of 
the flow with data from wake surveys and flow visualisation studies on the backlight. 
Howell[9] also showed the effect of backlight angle on a more realistic automotive 
bluff body (the Windsor model), and repeated Ahmed's result of a high drag "critical" 
angle at 30°. Howell also showed that rounding on the roof-backlight edge (lOOmm 
radius) and C-pillars (25mm radius) changed the aerodynamic characteristics and raised 
the critical back angle for drag. The rounded C-pillars raised the peak yaw moment by 
around 25%, and shifted the back angle where this peak value occurred from 30° to 20°. 
In a further study of the effect oflongitudinal vortices on road vehicles, Bearman [10] 
showed that the drag and sideforce on the vehicle can be calculated from a wake survey, 
but that the lift could not. The results confirmed that the maximum drag value coincides 
with the maximum strength of the C-pillar vortices, which was controlled by the 
backlight angle. The reason it was not possible to calculate the lift was that a 
component of lift results from the local acceleration of the air underneath the vehicle; 
since this does not shed vorticity downstream, it is not possible to measure it using a 
wake survey. 
1.2 The effect of turbulence 
Whilst using established procedures, the vehicle aerodynamicist is optimising the 
vehicle for a single onset flow; that found in the wind tunnel being used. The outside 
environment is not the same as the inside of a wind tunnel, and so it is important to 
understand first how it is different, and second whether an improved simulation of the 
real world might make any difference to the detailed decisions being made during the 
optimisation process. Some improvements have already been made, for example by 
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using improved blockage corrections, moving belts and rotating wheels, but until 
recently the question of turbulence has not generally been considered. 
1.2.1 Turbulence in the real world 
The headline wind tunnel drag coefficient, as generally quoted by manufacturers and 
the press, is normally a measurement of drag in clean, low turbulence, homogenous 
onset flow at 0' yaw. In the real world such conditions are unlikely to prevail. The 
atmospheric boundary layer is generally turbulent, the flow angularity may be different 
for different parts of the car, and there will often be a side-wind component that causes 
different effective yaw angles at different heights on the car. This yaw angle variation 
has been considered for a long time, for example by Watkins [11] who shows that due 
to the velocity profile of the atmospheric boundary layer, an incident sidewind will have 
a distinct velocity profile over a vehicle height. This profile means that when the 
sidewind velocities are added to the road velocity, the total wind velocity relative to the 
car is of different magnitude and direction over the vehicle height. In the real world 
there are topographical features such as trees, bridges, railways, etc. and other vehicles, 
all of which have an effect on the aerodynamic environment. It is therefore possible that 
shape optimisation performed under ideal conditions may not provide optimal results 
for the vehicle on the road. As there is now such a strong emphasis on reducing CO2 
emissions, this is an area worth investigating to see if any useful gains can be made. 
The atmospheric conditions encountered by a vehicle have been discussed by many 
authors. Watkins [11] discusses the turbulence levels typically found on the road. 
Longitudinal intensities of 2.5% to 5% and lateral intensities of 2% to 10% are quoted 
for results from stationary and moving vehicles. The lower figures related to roads 
where there were few roadside features, and the higher figures to roads with significant 
housing or trees near the side of the road. In both cases the surrounding countryside was 
open and flat. The higher lateral intensities appear, from the data presented, to have 
been an isolated cluster of datapoints, with most of the results lying between 2% and 
5% as for the longitudinal case. It was pointed out that some of the low frequency 
energy was filtered out by a O.1Hz high pass filter, used to ac couple the data from the 
hotwire, with the rationale that eddies larger than 10s could be assumed to be quasi 
steady. 
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In a further review paper, Watkins [12] examines the work of wind engineers looking at 
the effect of time of year, surface roughness and terrain on the turbulence intensity and 
turbulence energy spectrum of the atmospheric boundary layer. A clear conclusion is 
that the length scales of the turbulence and the fluctuations in yaw angle and average 
flow velocity make realistic simulation in the wind turmel difficult. Watkins also noted 
that much of the data on atmospheric turbulence recorded by wind engineers is 
measured at IOm above the ground and upwards. This may be appropriate for civil 
engineering applications but is unlikely to capture the environment experienced by road 
vehicles. 
Additional data on atmospheric turbulence can be found in the ESDU database. The 
minimum height above the ground is generally 3m, but some interesting trends are 
shown with respect to surface roughness. Roughnesses presented range from very low 
(snow covered farmland, flat arid desert) to very high (city centres, forests), and trends 
are drawn of turbulence intensity and integral length scale. The results are measured 
and averaged over one hour long samples at an average wind velocity of20mls at IOm 
height. They show that increasing the roughness increases the turbulence intensity at 
3m from approximately 11 % for the lowest roughness to more than 36% for the highest 
(based on wind velocity). However the length scale decreases with increasing 
roughness, from a maximum of lOOm down to just over Im at the lowest. The effect of 
changing average windspeed over a range from IOmls to 40mls is identified in the data, 
but the effect of further reducing the height above the ground is not. 
The range of turbulence intensities described in the above literature is quite large and 
indicates that for specific application to automotive aerodynamics, more data is 
required. It would be useful to establish a set of test cases that represent the conditions 
encountered by cars on faster moving roads, where aerodynamic drag is most important. 
Watkins' data [11], showing turbulence intensities of 2-5% (based on resultant 
velocity), examined the conditions on two driving routes in Australia, one on a road 
without trees or bridges, and one on a road with multiple trees and bridges included. 
Neither route had much traffic, and the surrounding terrain was open and flat. 
Conditions on a UK motorway surrounded by wooded hills and multiple large bridges 
and with heavy traffic could be considerably different, indicating that data collected 
may produce test cases whose application is limited to a particular country or continent. 
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Clearly the ideal would be to create a catalogue of data at multiple locations around the 
UK and Europe if the results are to be aimed at the European automotive industry, but a 
limited set should allow some trends to be drawn that would then show whether further 
data is necessary. There is also a continuing need to identify those types of turbulence 
that affect aspects of vehicle design, and what the likely impact is, for example a 
change in drag, or stability, or wind noise. 
This decision will be influenced by studying recorded turbulent spectra as well as 
simple intensities or integral length scales. Richards et. al. [13] examined the variation 
in turbulence at heights of IOm and below, down to a minimum height of O.llSm. 3-
component ultrasonic anemometers were used to produce spectra and coherence 
information in order to compare data sampled at different heights and different 
frequencies, and to generate spectral models for the atmosphere at low levels. It is 
stated thanhe local turbulence generation occurs in a range of frequencies termed the 
intermediate frequency sub-range, from around O.OOIHz to 10Hz, with the highest 
energy levels shown between O.OIHz and 1Hz. The results also show that there is 
significant variation in the turbulence intensity spectra (spectral density as a ratio to the 
local mean speed) between 10m and Im. As height reduces, there is a very small 
increase in the intensity spectra for u and v components between O.OIHz and O.1Hz, and 
a larger increase between O.1Hz and 10Hz, despite a known attenuation of the 
windspeed data at high frequencies due to the transfer function of the anemometers. 
That the data are relative to the local mean speed indicates that the larger turbulent 
eddies actually decrease in size as the mean speed drops near the ground, in line with 
the boundary layer profile, which fits a simple logarithmic profile described in the 
paper. The increase seen in the high frequency component closer to the ground appears 
to indicate a transfer of energy from large scale to smaller scale turbulence (e.g. as 
inferred from Bradshaw [14]). The w component data shows that the spectra for vertical 
turbulence is significantly reduced between O.OIHz and 1Hz and increased between 
I Hz and 10Hz. This appears to be an intuitive change, as the vertical turbulent length 
scale must tend to zero at the ground. The vertical component is only weakly coherent 
between IOm and lID, and the u and v components are strongly coherent at low 
frequency and weakly coherent at high frequency. Since there is a significant amount of 
turbulent energy in the high (>O.IHz) range, it is therefore necessary to make these 
kinds of measurements at Im in order to get an accurate picture of the environment 
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encountered by road vehicles, rather than relying on data for higher levels such as 3m or 
10m. 
In a review of the state of knowledge on the enviromnent experienced by road vehicles, 
Howell [15] advocated the use of wind-averaged drag. Wind averaged drag is an 
integrated drag coefficient over the full range of yaw angles and wind speeds 
experienced by a vehicle on the road, and it was shown that turbulence intensity affects 
the total wind velocity and yaw angle experienced by the vehicle. Howell uses UK 
Meteorological Office data for average windspeeds, taken at 10m height above the 
ground and extrapolated downwards. It is observed that a correct estimate of turbulence 
intensity is very important both in obtaining an accurate measure of the variation of 
yaw, and also in measuring the CD values at different yaw angles. 
Whilst it is clear that the enviromnent experienced by a road vehicle has not been 
measured in a comprehensive fashion, the above data provides some basis for 
experimentation. An understanding has been developed of turbulence intensities 
ranging from 2% to 5%, excluding those eddies generated at frequencies lower than 
O.lHz. Richard's data shows that this excludes a significant proportion of the local 
turbulence, but the relationship between the size of the turbulent eddies and the size of 
the vehicle is important. 
1.2.2 Dividing the micrometeorological scale 
Wind turbulence events fall on a meteorological scale based on their frequency. Low 
frequency events, such as those generated by an area of low pressure moving across a 
country, are commonly referred to as macrometeorological, and higher frequency 
events, from large gusting wind down to everything that a vehicle aerodynamicist 
would recognise as free stream turbulence, are referred to as micrometeorological. 
When authors such as Watkins and Saunders [12] have discussed modelling real world 
turbulence in the wind tunnel, they have usually considered the likely effects of the 
whole micrometeorological scale, or, most of it, excluding gusts and large crosswind 
stability type effects. Watkins considered that turbulent eddies over 10s long could be 
considered as quasi-steady flow phenomena. 
The concept of comparing the length scale directly to the vehicle size was introduced by 
Bearman [16] who reviewed several studies on the effect of free stream turbulence on 
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the flow around bluff bodies, looking in detail at the effects of intensity and length 
scale, and it was noted that the effects were often separate. Although combined 
turbulence parameters had been determined in some cases, by Taylor [17] and also by 
Bearrnan and others, they were not universal, and depended on the nature of the 
experiment. Various results showed that the length scale itself is not as important as the 
ratio of length scale to a characteristic dimension of the bluff body in question. 
Bearrnan suggests that if the length scale is very large in comparison to the body, then it 
is seen as a correlated unsteady mean flow of varying amplitude and dimension. If it is 
small in comparison to the body, then although it will tend to decay rapidly over the 
length of the body, and it will also be distorted by the streamline curvature, it will 
interact with the boundary layer, and it may affect the mean flow field around the body. 
This gives rise to the concept that it would be reasonable to break down the 
micrometeorological scale, examining the effect of length scales smaller than the size of 
the body separately from those of a greater size. The effect on body forces of the small 
scale turbulence, that strongly affects the boundary layer, could then be examined in 
detail, and another method sought for the development of an understanding of larger 
scales. 
1.2.3 Wind tunnel testing with turbulence generation 
1.2.3.1 Generic shapes 
Several studies have focused on the effect of free stream turbulence on the flow over 
simplified generic shapes. Bearman [16] considered the effect of the free stream 
turbulence on thin laminar boundary layers, and stated that they undergo transition to 
turbulent at lower Reynolds numbers than for a smooth freestream. This is due to 
increased mixing with the free stream, and pressure fluctuations in the freestream. It was 
seen that separated shear layers also undergo transition earlier due to free stream 
turbulence, implying that where they are associated with a separation bubble and 
reattachment, a separation bubble should be smaller in the presence of freestream 
turbulence, as the turbulent boundary layer tends to reattach to the surface earlier. The 
turbulence also tends to increase skin friction in the attached boundary layer. The effect 
of increased free stream turbulence on overall drag and lift forces was not found to be 
predictable, in some cases increasing drag, in some decreasing it, and in others not 
affecting the drag at all, depending on the configuration of the body. Changes in length 
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scale were also unpredictable, sometimes increasing the effect due to turbulence, 
sometimes reducing it, and sometimes having no effect. Bearman gives data for 3D 
flows over blunt short bodies with no reattachment, and smooth fronted long bodies. 
Automotive bodies tend to be long and blunt, and where separations exist on the 
forebody they tend to be small and reattachment is expected. This study will use an 
automotive type body to add some data in this gap. 
Hillier and Cherry [18] reported work on a 2 dimensional flat plate with a significant 
thickness, where the effects of turbulence intensity and length scale on reattachment 
length, pressure distribution, and fluctuating pressures were measured. The body was 
1.37m long and 38mm thick with sharp edges, ensuring separation and reattachment 
along the length. It was reported that turbulence intensity has a strong effect on the 
pressure distribution and reattachment length, tending to reduce the size of the 
separation bubble. The size of the separation bubble is stated to be controlled by an 
equilibrium between the fluid being entrained into the shear layer at the separation point 
from inside the separated volume, and the fluid being recirculated into the separation 
region by the reattaching shear layer. Additional freestream turbulence may affect the 
start of transition, affecting the bubble at the leading edge, or it may change the 
structure of the already turbulent portion of the shear layer. Himer and Cherry state that 
the start of transition occurs very close to the separation point even in the clean flow, so 
the most likely effect is on the development of the turbulent free shear layer as it moves 
downstream. It was also found that the pressure distribution and reattachment length 
were not significantly affected by changes in length scale. The ratio of length scale to 
the thickness of the model varied from 0.36 to 1.95. Increasing the length scale did 
increase the fluctuating pressures, and a correlation was found between the fluctuating 
pressures normalised against the turbulence intensity and the body dimension divided 
by the integral length scale. 
Li and Melbourne [19] investigated the effect of turbulence on the pressure distribution 
over a three dimensional flat plate with rectangular cross section. The aspect ratio of the 
plate was 32. Measurements were made of the centreline pressure distribution and 
showed that raising the turbulence intensity reduced the size of the separation bubble 
and increased the suction near the leading edge of the plate. For the largest turbulence 
intensity of 12%, the minimum Cp value was almost double the value for the smooth 
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flow (for which a turbulence intensity was not quoted). It was also shown that, for 
length scales of the order of the thickness of the plate (50mm) and up to 4 times that 
value, the length scale did not make any significant difference to the pressure 
distribution. However, when larger length scales were tested at the same turbulence 
intensity, the suction was reduced and the size of the separation bubble increased. This 
would seem to reinforce Bearman's argument [16] that the smaller scales affect 
boundary layer growth and separation more, because when the turbulent energy is 
concentrated in the smaller scales, the boundary layer reattaches sooner. This is a 
significant finding, because it adds weight to the concept that generating smaller scales 
and omitting the larger scales is an acceptable test method for modelling part of the real 
world as experienced by a road vehicle. 
Li and Melbourne [20] also considered the effect of turbulence on the fluctuating 
pressures. It was shown that the time averaged results are dominated by intensity, while 
increasing the length scale acted to reduce the suction by a small amount at the leading 
edge. The effect on the fluctuating pressures inside the separation bubble was much 
more marked - increasing the length scale from around half the thickness of the flat 
plate to 12 times the thickness more than doubled the fluctuating component of the 
pressure coefficients. It is noted that the intensities and scales were determined by the 
interest of the authors in the aerodynamics of buildings and are therefore considerably 
larger than those of interest to the automotive engineer. 
Xia and Bearman [21] examined the flow characteristics of a series of bluff cylindrical 
bodies with elliptical fronts and slanted bases. The base slant angle and the fineness 
(length/diameter) ratio of the bodies were varied and the effects on CD, base pressure 
distribution, and wake vortices were examined. The effect on base pressure of 
variations in the level of freestream turbulence was also examined. As in previous 
studies referenced in the paper, two flow regimes are defined - regime I, "a 
recirculating wake with uniform pressure over the base" and regime 1I, "a wake flow 
dominated by two longitudinal vortices forming from the leading edge of the slanted 
base". Xia and Bearman found that the critical backslant angle between regime I and 
regime II, where the drag coefficient is at its highest is around 45 degrees, although 
other authors have found higher angles, for bodies of revolution. The difference from 
the conventional value of around 30 degrees (from the horizontal) for a road vehicle is 
14 
not explained but is probably down to the difference in model geometry - a circular 
cross section rather than rectangular, lack of additional details such as bonnet, 
windscreen etc., and an aspect ratio of one - and also to the installation of the model in 
the centre of the tunnel, whereas Ahmed's result was for a road vehicle in ground 
effect. A strong effect of back angle on the vortex shedding from the model was seen, 
as well as a reduction in pressures at the edges of the slanted rear face as the critical 
back angle approached. The effect of four levels of turbulence on base pressure was 
investigated. It was shown that there was not a significant effect of turbulence on the 
base pressures for turbulence intensities from 0.03% up to 6.2%. It was speculated that 
there might be an effect on the critical back angle but it was not investigated further. 
1.2.3.2 Automotive based tests 
Some study has been made of comparisons between wind tunnel data using grids and 
real world drag reduction, including by Watkins [22]. The difference between the drag 
reduction gained from using a spoiler on a lorry cab as measured in the wind tunnel and 
as measured on the road was examined. Four turbulence grids were used to give five 
different levels of turbulence in the tunnel, including the baseline. It was shown that the 
road results do not match the tunnel results, but that using higher turbulence levels in 
the tunnel gave a better match at high yaw angles. It was observed that the turbulence 
intensities and length scales measured on the road did not match the conditions in the 
tunnel tests, but the wide variability of all factors, such as driving style, traffic levels, 
average speeds, vehicle loading etc. make it difficult to draw useful conclusions from 
this data. Measuring fuel flow and windspeed in order to make comparison between 
different modifications to the lorry cab would seem to introduce far too much noise. 
This highlights one of the problems in simulating real world turbulence, in that widely 
varying on-road conditions can generate large variations in aerodynamic drag. Close 
examination of the data for the body fairing test shows that for small yaw angles the on-
road value of ~CD(from the baseline without the drag reduction device) varies more 
than the values obtained from the wind tunnel using 5 different turbulence levels 
between 1.3% and 3.7%. It is therefore difficult to make use of this data for practical 
development tests. 
Wiedemann [23] investigated the effect of turbulence on what was termed "effective 
Reynolds number", by performing Reynolds number sweeps in a model scale wind 
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tunnel and measuring drag coefficient. "Effective Reynolds number" was defined as the 
Reynolds number where the drag coefficient fell to 0.3, with the turbulence grid 
installed. Over the range of Reynolds numbers tested, the drag coefficient was reduced 
when the turbulence screen was used. Wiedemann's results show a trend that indicates 
that, if higher Reynolds numbers were investigated, the drag in the clean tunnel might 
reduce below the drag with turbulence, which becomes fairly constant. Wiedemann 
stated that the effective Reynolds number was almost doubled by using a turbulence 
grid producing an intensity of 2.8%, and suggested that higher increases would only 
require higher turbulence intensities. However, in the clean tunnel, the results did go 
from relatively high drag to lower drag, whereas, with the turbulence grids installed, the 
drag was more constant throughout the Reynolds number range tested, varying only by 
about 20 drag counts, as opposed to lOO (I drag count is a CD of 0.001). This indicates 
that there is also an effect of the turbulence on the trend of drag with Reynolds number. 
To try to combine the effects of turbulence and length scale, Wiedemann comments on 
the results when replotted as the Reynolds number for CD = 0.3 against Taylor's 
turbulence parameter Tux(LMIL)1I5. It was noted that the results for the two models used 
give different trends against the parameter, due to model scale. The scale of the model 
causes changes due to problems with horizontal buoyancy and interactions between the 
model wake and the collector of the open jet tunnel used. However, the results for the 
individual scale models also do not form a straight line on this graph, indicating (as 
suggested by Bearman [16D that the exponent of 115 is not valid for all bluff bodies 
with separations, although it is valid for spheres (Dry den [24 D. 
As an alternative to using grids, another method of generating turbulence in the wind 
tunnel was used by Passmore [25], based on a method by Bearman and Mullarkey. A 
pair of oscillating aerofoils were used to generate large scale turbulence over a range of 
different frequencies. Pressure tappings were used to calculate the forces on a bluff 
body in steady state flow and in the oscillating flow. It was found that the transient 
results did not match the quasi -steady predictions, even at the lowest frequencies tested, 
where the gust wavelength was in excess of 35 model lengths. This appears to 
contradict Bearman's supposition, in that the longer length scale turbulence expected 
from the low frequency oscillation is not seen as a correlated unsteady mean flow, 
although the tunnel and model may suppress the gust. The main difference in Bearman 
and Mullarkey's test was that they were only able to select a small number of different 
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frequencies, by changing springs in their oscillating wings, and so they varied tunnel 
speed to achieve lower frequencies. Their steady state measurements were taken at a 
single speed, so there may be some Reynolds number effects present in their data that 
causes it to correlate better at low frequency. In Passmore's test, the aerofoil sections 
could be oscillated at any frequency up to the maximum tested, and so the Reynolds 
number was kept constant. The aim of both of these experiments was to examine the 
difference between static and dynamic yaw testing, rather than to study the effect of 
turbulence. 
Cogotti [26] has also conducted experiments with freestream turbulence, but at full 
scale. Using flapping "wings" installed in the Pininfarina wind tunnel that are wider at 
the bottom than the top, with the intention of introducing a velocity profile to the flow 
as well as turbulence. Cogotti found that the drag coefficient is always higher with 
turbulence than without, but noted that it was difficult to identify a reference velocity 
for the turbulent flowfield. Several options are given (at the height of the stagnation 
point, or the mean dynamic pressure in front of the car between 0 and I.Sm height) and 
it is stated that the difference in results is negligible. However, in order to predict trends 
under varying turbulence levels, and for comparison with other types of testing, it 
would appear that the reference velocity is indeed important. Current research at 
Pininfarina has therefore focused on building up a library of data on how cars perform 
relative to each other, in order to form a basis for comparison. 
Another commonly used method of altering the separation around a radius was used by 
Cooper [4], testing with flow tripping strips on the leading edges of the model. This 
showed similar effects to the introduction of turbulence, including the different 
asymptotic drag coefficients. He also showed that particle size (and therefore surface 
roughness) and strip location made a considerable difference to the results. This result 
reinforces the idea that the additional levels of free stream turbulence are having the 
same effect, tripping the boundary layer as it flows over the radius. This method is 
useful to show the similarity of the effects, but setting the flow conditions by the use of 
turbulence generating devices in the tunnel results in a repeatable flow condition that is 
model independent. 
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1.2.4 Turbulence experienced by a vehicle following a vehicle 
Investigations have also taken place into the effect of aerodynamic interference between 
vehicles following at close proximity, in attempts to reduce the drag of several vehicles 
travelling together by forming convoys. These experiments have focused on the drag 
reduction achievable by reducing the pressure drag on the front and rear faces of the 
vehicles in the convoy. In a convoy of 2, the front vehicle benefits from a reduction in 
drag from the rear face, and the following vehicle benefits from a reduction in the 
pressure drag on the front face. The effect is highly variable with following distance 
and most authors deal with spacings of below 2 car lengths (e.g. Hong [27]). These 
studies demonstrate one potential problem of developing vehicles in the wake of 
another vehicle, in terms of identifying the changes caused by the additional freestream 
turbulence, which is how to compare results between tests of a vehicle in a wake, and 
the isolated vehicle. This problem arises because the reference velocity and the pressure 
field at the front of the test vehicle are affected by the vehicle in front. 
Other authors have looked in some detail at the wake of a vehicle in isolation. Baker 
[28] and others classify the wake into "near" and "far" wakes. The near wake is 
dominated by the recirculating flow where the body ends and the flow separates. As 
previously seen, it will also display trailing vortices if the backlight angle is less than 
approximately 30 degrees. The vortices cause additional drag, but the wake is also 
compressed in this case and tends to become smaller as it moves downstream (Sims-
Williams [29]) which reduces the pressure drag due to the wake. For a squareback 
vehicle, the wake tends to only show weak trailing vortices, only a large separated 
turbulent wake that has recirculation near the body. The far wake is a highly turbulent 
flow, but tends to collapse towards the ground, although more slowly in the case 
without trailing vortices. 
Some work has been done on wind tunnel studies of vehicles following vehicles, most 
notably by Cogotti [30], who placed two vehicles in line in the Pininfarina tunnel, at a 
spacing of approximately 6m (with the upstream vehicle completely in the nozzle of the 
wind tunnel). It was reported that the flowfield around the vehicle following was 
affected by the vortices of the vehicle in front. The effect of the upstream vehicle on the 
wind noise produced was also investigated. Cogotti noted that the exterior noise was 
increased, mainly in the region of the front wheels, and the interior noise was increased 
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at all frequencies measured. Previous studies have shown that the noise caused by 
turbulence is different to the noise in a conventional wind tunnel test, and Peric [31] has 
recommended that more effort be put into simulating the transient noise caused by 
turbulence in the wind tunnel. 
One of the methods that could be used to measure the amount of wind noise is to try to 
correlate the strength of pressure fields, e.g. on the side glass, with the amount of 
interior noise. This method was demonstrated by Burnett [32] who showed that it was 
possible to measure trends in interior noise due to changing body details, e.g. 'A pillar' 
adjustments, in the MlRA full scale wind tunnel, even though the background noise in 
the tunnel is quite high. It may also be possible to make measurements in the 
Loughborough model scale tunnel along similar principles, which would then allow the 
generation of more data on noise caused by turbulence. Gilhome [33] showed that the 
peak pressure forces on a car door were significantly under-predicted by wind tunnel 
testing in comparison to on road tests, although the average values were over-predicted, 
which demonstrates a need for further investigations in this area. However, this is 
outside the scope of this project. 
1.2.5 Summary of the effect of turbulence 
It is clear that turbulence has an effect on the flowfield around a vehicle, and 
consequently on the forces acting on it. One of the most important conclusions arising 
from the literature has been that there should be a way of separating out different effects 
of the real world aerodynamic environment on the car, and then separating out the 
sources of these effects. Broadly, there are two categories; the first is gross crosswind or 
longitudinal gusts that lead to crosswind stability problems, potential lane-departure 
events due to induced side forces and yaw moments, and increased drag andlor lift due 
to increased vehicle velocity relative to the air. The second, smaller crosswind or 
longitudinal gusts that cause vibrations or wind noise refinement issues and increased 
drag due to turbulence in the freestream interfering with the flow over the vehicle. It is 
desirable to classify the turbulence intensities, length scales and frequencies that drive 
the latter effects and to attempt to simulate this kind of turbulence in the wind tunnel. 
Following the research of Bearman and others, it is intended to use grid generated 
turbulence as a simplified source of turbulence, that will provide some insight into the 
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effect of the small scale eddies that have been shown in the literature to have an effect 
on the boundary layer of the model. 
1.3 Objectives 
The overall objective of this work is to investigate the effect of grid generated 
turbulence on the shape optimisation process. This is done in several sections. 
• Firstly, a simple I-box model is used to provide fundamental information on the 
effect of the grid generated turbulence on the leading edge radii of the model. 
Five levels of turbulence are investigated over the range of 0.2% to 5.1%. 
Balance measurements are used to acquire time averaged forces, and base 
pressures and centre line pressure tappings were also recorded. At the lowest 
turbulence intensity, this model allows a comparison with Cooper's previously 
published data [4]. The turbulence intensities are chosen to correspond to 
Watkins' data on the turbulence experienced by a moving vehicle in open 
conditions [11]. The primary sponsor of the research is interested in 4x4 
vehicles (also known as off-road vehicles, SUVs, SA Vs etc., e.g. Land Rovers, 
BMW X5, Mercedes ML Class) for commercial reasons, and so the model has 
an aspect ratio that is typical of this vehicle type. However, the results are 
generally applicable and this decision came only from the early priorities for the 
work. 
• In order to reinforce the conclusions made from measurements of the forces and 
pressures on the I-box model, PIV is used to measure the flowfield around the 
leading edge radius. 
• The experiment is expanded to examine a simplified 2-box model, also based on 
a typical 4x4 vehicle, to show that the principles established with the simplified 
I-box shape transfer to a more car-like body. The same turbulence generating 
grids are used. 
• A full scale test is conducted, using a generic car shape (the MlRA reference 
model) in the estate car configuration, in order to match the 2-box shape as 
closely as possible. The leading edge radius on the bonnet is modified, and 
Reynolds sweeps are conducted in three levels of turbulence, from 1.8% to 
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4.3%. Comparison between full scale and model scale tests is made on the basis 
of Reynolds number based on the edge radius, rather than the model dimensions. 
• At model scale, a different generic shape (the Windsor model) is used to show 
the effect of turbulence on the flow at the rear of the model, by varying the 
backlight angle. 
• Additional work is conducted at full scale to show the effect of raised freestream 
turbulence on other simple modifications, such as front and rear spoiler 
performance, cooling drag, and A-pillar vortex size and position (using 
flourescene). Tests are performed on the MIRA reference vehicle, and on a 2005 
Jaguar XJ and a Land Rover Discovery 3. 
In order to give a background to these experiments, the next chapter discusses the 
experimental techniques used, the method of generating turbulence at model and full 
scale, and a discussion of sources of error in the experiments. 
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Chapter 2 
Experimental method 
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2.1 Details of the wind tunnels 
2.1.1 The Loughborough model scale tunnel 
The largest low speed wind tunne l in the Department of Aeronautical and Automotive 
Engineering is an open circuit, closed jet wind tunnel with a 1.32111 * 1.92111 working 
secti on. The working section was designed to accommodate a y" sca le passenger car, or 
a '/, scale racing car. The tunnel was designed to ha ve a standard test speed of 40m/s, 
but is capab le of running at speeds of up to 45m/s with a '/4 scale model installed. 
Figure 2 The 1.3m'1.9m wind tunnel (with a person to scale) 
Figure 2 shows the tunnel layout. The tunnel draws air in frol11 outside the building 
(through the ye llow inlet shown bottom right), taking it through a contraction of ratio 
7.4: t, fo llowed by the working secti on, and then diffusing it down to the first of two 
corne rs, followed by another diffuser, the second corner, a shape change to 
accommodate the fan, and then the final diffuser which leads back to the outside. This 
arrangement was chosen because of the limited space avai lab le. 
The clean tunnel turbulence intensity was measured by Jol1 l, uSll1g a constant 
temperature anemometer, [34) as 0.15% at 40111/ s, and the boundary layer thickness at 
the model position is 60111m (also at 40mls). Further details of the design and 
performance of the tunnel can be found in 10hl. The tunnel has an underfloor 6 
component balance, with stated accurac ies and ranges as shown in Tab le t. 
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Corn oncnt Balance Load Ran cs Accurac % full scale 
Drag +/- 120 N 0.010 
Side Force +/- 420 N 0.005 
Lift +/- 500 N 0.010 
Roll Moment +/- 150 Nm 0.010 
Pitch Moment +/- 60Nm O.OlD 
YawMoment +/- 45 Nm 0.015 
Table 1 Balance range and accuracy 
There are also six pressure transducers available. Five of them have a range of 
±250mmH20 , and one has a range of ±1000mrnH20 . One of the 250mmH20 
transducers is permanently connected to the main tunnel pitot static, and measures 
windspeed. All of the transducer full scale ranges can be reduced to improve accuracy 
where the pressures being measured allow. 
The main tunnel data acquisition system, for signals from pressure transducers, or other 
analogue signals, consists of a PC with a l2-bit DAQ card. The card has 16 available 
channels, used in Referenced Single Ended mode, and is controlled using commercially 
available data acquisition software. 
For turbulence measurements, a hotwire system is available, consisting of a Constant 
Temperature Anemometer system, connected to a dedicated PC with a 16-bit DAQ card 
(16 channels in Referenced Single Ended mode). Commercially available software is 
used to control the system, which has its own on-board signal conditioner, capable of 
applying offset, gain, and low pass/band pass filtering to the signals from the wire. 
There are two probe controllers allowing single or dual wire measurements to be made. 
A selection of hotwires are available, including standard single wires, 90° single wires 
for boundary layer measurements, and a dual axis thin film probe. There is a traverse 
for use with the hotwire system or other probes, capable of positioning a probe within 
the tunnel to an accuracy of ± I mm. 
A commercial PIV system is also available for making flowfield measurements, which 
is fully described in Chapter 4. 
2.1.2 The MIRA full scale wind tunnel 
The MIRA full scale wind tunnel is of open circuit, closed jet design and has a working 
section of 7.94m by 4.42m, a maximum speed of 36m1s, and a contraction ratio of 
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1.3: I. Time averaged forces and moments are measured uSll1g an underfloor 6 
component ba lance. 
2.2 Turbulence generation 
2.2.1 Model scale 
Four turbulence generating gri ds were used to increase the turbulence intensity in the 
wind tunnel. Two 50mm square grids using different gauge wire were used, one with 
2.41 mm wire and the other with 3.85 mm wire. In addition two schemes of hori zontal 
masking tape strips we re used with the heavy gauge grid to further increase the 
turbulence intensity. It was expected from previous research [23, 35 , 36J that mounted 
30 mesh di amete rs upstream of the model ( I. 5m from the front face), the thin gauge 
grid would produce a homogenous turbulence intensity of around 1-1 .5% at the fro nt 
face of the model, and the heavy gauge gri d sli ghtl y more. Vickery's conso lidated data 
[36) showed a strong correlati on between the distance from the gri d di vided by the bar 
size and turbulence intensity. Using masking tape strips on the heavy gauge grid l , and 
based on Vickery's data, a scheme was devised, usi ng two thicknesses of tape in the 
same pattern, fo r two higher turbulence grids. This tape scheme is shown in Figure 3, 
and is symmetrica l about the tunnel floor to reduce the possibility of ve loc ity ove rshoot. 
25mm and 12ml11 tape widths were used, significantly raising the blockage ratio (to a 
max imum of37%). 
I I 
I I 
I I 
I I I I , 11111, I I IIII I , II I III III III 
Figure 3 Bottom of grid showing 1" masking tape scheme 
This caused a reduction in the max imum tunnel speed to 34m/s with the 25nun tape, 
and although wider tape could potenti all y produce more turbu lence, reducing the tunnel 
1 Thanks to Simon Watkins for this suggestion. 
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speed further would compromIse the maXImum test Reynolds number and make 
comparison between results more difficult. The blockage ratio also raised the 
aerodynamic loading on the grid considerably, and so the grids were securely bolted to 
the floor and ceiling of the tunnel using small metal straps across the topmost and 
bottommost horizontal wires. 
The turbulence intensities produced by the grids were measured with a constant 
temperature anemometer connected to a single hotwire. The wire was calibrated over 
the range of 5m1s to 45m1s, and turbulence measurements were taken at 30mls, because 
the higher blockage grids restricted the tunnel speed to less than 40mls. The sampling 
frequency was 10kHz, with a low-pass filter set at 3kHz to avoid aliasing problems. 
Higher sampling rates and cut-off frequencies (sampling at 25kHz and filtering at 
10kHz) were also used to check that no significant turbulent energy was excluded from 
the results. A traverse was used to move the hotwire in a vertical line on the centreline 
of the tunnel , at the centre of the model mounting position, and readings were taken at 
vertical intervals to determine whether the turbulence was homogeneous. At each 
position, 1048576 (=22°) samples were taken. These were then broken up into 8 blocks. 
Turbulence intensity, power spectra, autocorrelation and integral length scale results 
were calculated for each block and ensemble averaged over the 8 blocks at each point. 
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The recorded turbulence intensities are shown in Figure 4 for the different grid 
schemes. The average turbulence intensities were 0.2% for the clean tunnel, 1.38% for 
the thin gauge grid, 1.45% for the heavy gauge grid, 3.41 % for the 12mm tape and 
5. 13% fo r the 25mm tape. The figure shows that at 60111m, although the tunnel velocity 
remains mainly constant (Figure 5), the boundary layer has a strong influence on the 
turbulence intensity at the lowest height measured for the plain grids. Across the main 
part of the working section, the turbulence intensity is reasonably constant. Smaller 
steps were used between y=250mI11 and y=300mm in order to determine whether the 
wake effects of the wires persisted at the model location. It is clear that the turbulence 
intensity is reasonably homogeneous across the range of the data. The clean tunnel 
turbulence was measured between 0.15-0.3%; thi s is a little higher than that recorded by 
Johl at 40m/s but sti ll Iow. The difference is most likely because the r.m .s. is driven by 
fluctuations from outside the tunnel and interaction between the outl et and inlet, and so 
not much reduced by changes in tunnel speed, and the mean speed by which it is 
divided is lower, giving a higher percentage turbulence intensity. 
Figure 5 shows the spatial velocity variation across the tunne l height. The clean tunnel 
varies very little across the height. For the first two turbulence grids, the wi re pitch was 
the same as the pitch of the traverse, apart from between 250-300mm. For the grids 
with tape, the pitch of the tape is double the pitch of the measurements, and the 
windspeed remained within acceptable limits All turbulence grids show some effect of 
the wake of the wires or the tape, but the variations are within ±0.5m/s, which is 
considered acceptable, given the limits of hotwire accuracy wi thout correcting for 
variation in the ambient temperature . The turU1el air temperature varied by less than 2 
degrees during the experiment, wh ich contributed a small error in the average speeds 
recorded, and because the turU1el draws in air from the outside, there is a further 
possibility of small variations in tunnel speed due to atmospheric wi nd condit ions. 
Since the model height is 380mm, it is expected that there should not be a noticeable 
difference in an area weighted average speed over the bottom of the model and another 
at the top. 
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Figure 5 Variation in ave rage windspeed with tunnel height at the centreline of the tunnel, centre of 
the model position, at about JOm/s 
Conventionally, grid generated turbulence should follow Taylor's hypothesis, which 
states that the rate of decay of the turbulent eddies is slow, and therefore the 
autocorrelation function of the u component is the same as the spatial correlation in the 
x direction. This means that the integral length scale can be calculated by first 
computing the integral time scale (the integration of the autocorrelation function 
between , =0 and the first time that Rxx crosses the x axis), and then multiplying by the 
average freestream velocity U. However, for the data recorded, this method showed 
unusually large length scales in the clean tunnel, of the order of 20-50m in the 
freestream away from the wall. It is suspected that due to the open circuit design of the 
tunnel, taking air from outside the building, there may be some effects of both the 
ambient wind, and interference between the outlet and the inlet of the tunnel. Since the 
circuit length is approximately SOm, this may well be shown in the results. These 
pulsations in tunnel speed are very low energy, but clearly measurable, and they cause 
problems with measurement of the length scales from the grids. The turbulent length 
scales calculated for the grids were also clearly affected by these longer length scales. 
Normally it would be expected that the eddy size from a turbulence generating grid 
would be very small. Therefore, following Fransson [37J, who reported a similar 
problem, it was decided to high pass filter the results to identifY the turbulent 
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component as opposed to the total fluctuations in the tunnel. The cut-off frequency was 
chosen \0 ensure the inclusion of any eddies that could fit in the working section, both 
longitudinally and laterally, Since the working section is approximately 5m long (giving 
a wavelength A, of 5m), and the hotwire data was sampled at a windspeed of 30m/s, the 
cut-off frequency was calculated frol11 the formula 
1= U / A = 6Hz Equation I 
The fi ltered data gave slightly different turbulence intensities, For the clean tutmel , the 
intensity was 0,08%, For the grids, in the same ascending order, the intensities were 
1.25%, lAl %, 3AI % and 4,95%, The length scales were 205ml11 fo r the clean tunnel, 
and for the grids, l6mlll , 15111m, 25m111 and 37mlll respective ly, Fransson was 1110re 
restrictive and chose a cut-off frequency based on the width plus the height of the 
tunnel, giving a hi gher frequency, For the Loughborough tunnel , using thi s criterion 
would give a frequency of 10Hz, which reduces the length scales slightly - for example 
the first turbulence grid then produces a length scale of 12mlll instead of 16mm, 
However, the trend is not affected, and as a measure of the average eddy size that 
affects the model, the first values with the lower cut-off frequency are acceptable. 
In order to further validate the resu lts, the tmbulence length scales were also calculated 
by fitting the Harri s-Von Karman spectral model to the unfiltered data, as described by 
Li and Melbourne [20]. This method effectively correlates against the corner frequency 
between the turbulence generation and the Kolmogorov roll-off rate, meaning that the 
low frequency information is somewhat damped. The results are shown with the results 
from the high pass fi ltered autocorre lation in Table 2 and are almost identical. The 
length scale for the clean tutmel was calculated using the HarTis-Von Karman method 
but is considered of littl e use, as the fit is very poor and the value still relates to the 
length of the circuit rather than the size of any turbulent eddies. 
Unfiltered Tu 
1.38% 
1.45% 
3.41% 
5.13% 
L (HP filtered autocorrelation 
16null 
I Smm 
2Smm 
37mlll 
L Harris-Von Karman s ectra) 
16111111 
15mm 
24nul1 
37mm 
Table 2 Length scales in the model tunnel 
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2.2.2 Full scale 
In the MIRA full scale wind tunnel, due to concerns about aerodynamic loading, and 
distance from grid to model position, turbulence generating grid patterns were installed 
at the entrance to the contraction on the upstream face of the honeycomb section flow 
straightener. The honeycomb in the MIRA tunnel is large, with diamond sections 
approximately 300mm across and 1 m deep, making it ideal for supporting the large 
grids, whilst unlikely to significantly reduce the turbulence generated. Several grid 
schemes were considered, aB using only vertical bars as it was not practical to instaB 
horizontal bars across the l1m wide honeycomb. Two schemes were chosen to use for 
the tests, based along similar lines to the masking tape grid schemes used at model 
scale. Both consist of 9 4.4m long wooden strips mounted vertically at a spacing of 
l.4m across the honeycomb, with the spacing reducing to 0.7m between the pieces of 
wood at the edges and the walls to give symmetry as with the masking tape schemes at 
model scale. 
The first grid uses 200mm strips, and the second 300mm. Figure 6 shows the second of 
the grids from behind the model position with the traverse on the main turntable. The 
first grid was found to generate a turbulence intensity of 3.4%, and the second 4.3% 
(from unfiltered hotwire data). Hotwire measurements of the standard tunnel showed it 
to have a turbulence intensity of 1.8%. As a consequence of the practicalities of 
installing such a large grid, only vertical bars were used, which may have the fortunate 
result of being more representative of typical low-level turbulence. Normally, where 
there are both horizontal and vertical bars, grid generated turbulence is generally 
expected to decay towards isotropic and homogeneous turbulence. Using only vertical 
bars, it is probable that more longitudinal and lateral turbulence and less vertical is 
generated, although it is expected that it will still decay to isotropy eventually, but it 
was not possible to test this. However if this was the case then it would be a little closer 
to a realistic turbulence field with the w-component being reduced close to the ground 
(eg. as measured by Richards [13]). The homogeneity of the turbulence was measured 
using a hotwire mounted on a traverse at the model location and found to vary by 
±0.3% for both the grids and the clean tunnel. The length scales given using the Von 
Karman method (detailed in Section 2.2) were 160mm for the 3.4% grid and 165mm for 
the 4.3% grid. The length scale for the clean tunnel was 250mm. Because of the 
practical constraints mentioned earlier, the grids are upstream of a 1.3: 1 contraction, 
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which would be expected to a ffec t the length scales and intensity. The turbu lence 
intensiti es are only slightly lower than would be expected by comparison against the 
plot of grid generated turbulence in Vickery ' s study [36], but if it was dec ided to repeat 
thi s experiment in a different fu ll scale wind tunne l, it would therefore be necessa ry to 
take account of thi s when designing grids to produce similar turbulence leve ls. 
, , 
Figure 6 MIRA tunnel grid viewed from behind the model position (hotwire shown on turntable 
centre) 
A correla tion was conducted between the tunnel pitot and the model position wi th and 
wi thout the turbulence grids. A small correction (approx. +0.14tn!s static offset and 
-.22% scali ng adjustment for the 3.4% grid , and +0.16m/s stati c offset and -.1 7% 
sca ling adjustment for the 4.3% grid) was applied to the windspeed for all the 
turbulence grid results to allow fo r the blockage effect of the grid on the tunnel pitot. 
2.3 Accuracy and repeatability 
For all tests at model scale, all 6 forces and moments were recorded on the balance, and 
their coe fficients calculated. The wind speed and Reynolds number va lues were 
corrected for blockage using a sim ple area rati o continuity fo rmu la: 
U """.,,,.,, = U m,,,,,,,,.,, * 1 00 ~~O k Equation 2 
- oc age 
where blockage = (model fro ntal area / tunnel wo rking section area) • 100 
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The coefficients have been calculated USIng the blockage corrected wind speed. 
Reyno lds numbers were also calculated based on edge radius, Rer, as it is expected that 
the transcritical Reynolds number Rer wi ll be constant with edge radius (Cooper [4 D. 
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Figure 7 Drag coefficient repeatability test (40mm front at 0' yawl 
Figure 7 shows a repeatability check on the drag results at model scale, carried out over 
several separate test sessions, after removing and reinstalling the model. It is necessary 
during the tests to remove the model from the balance to change the front section, to 
avoid the possibility of damaging the balance. The three tests show a very good 
agreement for the important values of transcritical Reynolds number and post-critical 
drag coefficient, where the flow has become fu lly attached. In the post-critical region 
the variation is less than 2 counts of drag (~CD < 0.002). In the precritical region the 
variation is very high at the lowest Reynolds numbers, but reduces to approximately 9 
counts as the Reynolds number increases and the separation bubble becomes more 
stable (as described in Section 4.4.2). The repeatability between the first and second test 
is much better, because although the model was removed, the experiment was not 
completely dismantled. This means that the repeatabi lity within a single set of results is 
less than 3 counts of drag above a Reynolds number of approximately 50,000. 
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Figure 8 shows the results fo r the front and rear lift coeffi cients at model sca le. The 
result s show a similar effect to drag ; the repeatab ili ty fo r the pre-criti ca l region is 
around 9 counts of front lift or 5 counts of rear li ft, but in the post-critical region the 
repeatabili ty is beller than 3 counts fo r fron t lift and 4 counts fo r rear lift. The 
repeatab ili ty of the front and rear li ft is less than 5 counts within a single results set. 
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Figure 8 Front and rear lift coefficient repeatabi lity results (40mm front at 0' yawl 
In the full scale tun ne l the ba lance is also a 6-component mechanical balance that uses 
stra in gauges. T he overall accuracy is quoted as beller than 3 counts of drag (tlCD = 
0.003) at the standard test speed o f 28 111/s. 
2.4 Effect of the wind tunnel boundary layer 
It is known that the fi xed noor o f a typical w ind tunnel does not accurately simu late the 
grou nd as experienced by a moving vehicle. A flow is generated under the model that 
consists of two boundary layers close together, which will interact and may develo p 
into a channe l fl ow, depending on vehicle ground clearance. Since it wi ll not be 
possible to test with a mov ing ground plane, the li kely e ffect of addi tional tu rbulence on 
the tunnel fl oo r boundary layer must be considered, as it will contri bute to changes in 
the fo rces on the mode \. 
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Mason and Sovran [38] discussed the effect of the boundary layer thickness on the 
aerodynamic characteristics of a road vehicle, primarily to establish corrections that 
could be used to predict the on-road values. In these experiments, comparison will only 
be made between different results from wind tunnels with fixed floors, and so an 
extension to real world numbers will not be attempted. However, Mason and Sovran 
also examined the effect of variations in the displacement thickness of the boundary 
layer on the tunnel floor, and this could allow some estimation to be made of the effects 
of changes in the boundary layer thickness due to varying Reynolds number and 
turbulence intensity. 
The model was mounted with the bottom of the model at 60mm above the tunnel floor 
in order to be clear of the boundary layer at 40mls, but no correction due to the 
variation of the boundary layer thickness with speed was made. 
An estimate of the boundary layer thickness at different windspeeds is made by 
modelling the flow into the working section as the flow along a flat plate, beginning 
from the point of inflection of the contraction. At this point in the contraction the 
boundary layer thickness is expected to reduce to almost zero (Johl [34]), and in the 
favourable pressure gradient it will grow more slowly in reality and thus the estimate is 
conservative. 
The thickness of a turbulent boundary layer can be estimated from Equation 3 by 
assuming that the boundary layer follows Prandtl's seventh root law (Houghton and 
Carpenter [39]). 
0.38 Equation 3 
x 
The displacement thickness 0' of a turbulent boundary layer can be calculated as 1/8 of 
this value by substituting Equation 3 into the equation for the displacement thickness 
given by Houghton and Carpenter. The distance x to the front of the model is 4054mm, 
so the boundary layer thicknesses are approximately as shown in Table 3. 
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Wind speed (tnls) 
10 
20 
30 
40 
Boundary layer thickness I) (mm) 
79 
69 
64 
60 
Displacement thickness 0' (mm) 
9.9 
8.7 
8.0 
7.5 
Table 3 Boundary layer thickness variation with Reynolds number 
In Mason and Sovran's experiment, the displacement thickness relative to grolmd 
clearance of the model was varied by using different model scales, in the clean tunnel 
and with one of two backward facing steps. The results showed how the lift and drag 
coefficients varied wi th boundary layer di splacement thickness relative to ride height. 
Their model had wheels and a simplified underbody which was not flat. A range of 0' IH 
of 5% to 70% was examined, and it was concluded that the presence of a ground plane 
boundary layer does has a significant effect on the measured forces . However, over a 
small range of displacement thicknesses such as that in the table, Mason and Sovran's 
results suggest that the increase in the drag coefficient with Reynolds number due to the 
thinning boundary layer is likely to be of the order of 10 counts for a similar ly complex 
model. The models used at model scale in the present study all have a flat floor and no 
wheels, reducing the potential for interaction. Considering that the drag coefficient in of 
the I-box model decreases by around 300 counts over the range of Reynolds numbers 
tested, thi s is a small additional error. 
When the turbulence intensity in the freest ream is raised, it is expected that there will be 
an interaction between the turbulent eddies and the boundary layer on the floor of the 
tUfUlel. The di stance from the point of inflection of the tunnel to the grid mounting 
position is long enough that the boundary layer should be turbulent at the grid, and so 
the likely effects are a thickening of the boundary layer (Bearman [16]) and changes in 
the structure of the edge of the boundary layer (Bradshaw [40]) . Bradshaw [40] noted in 
his review of the effect of freestream turbulence on boundary layer growth that it is 
very difficult to predict the effects accurately. The growth is dependent on the 
re lationship between the scale of the turbulence and the thickness of the boundary layer; 
if the turbulent eddies are large, and the boundary layer thin, or the eddies small and the 
boundary layer is thick, then the interaction will be weaker than if the eddy size is 
approximate ly the same as the boundary layer thickness . Grid generated turbulence is 
known to decay with distance away from the grid [36] , and Bradshaw states that the 
effect of thi s type of turbulence is less than if the flow was ideal with constant 
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turbulence along the length of the tunnel. The boundalY layer is thicker at the model 
position (Table 3) than the Harris-Von Karman integral length scales previously 
established, and so the interaction must be at its strongest at some upstream point, and 
becoming weaker as the flow approaches the model. An in depth measurement of this 
effect has not been carried out in this study, but, in the hotwire measurements, there is 
no evidence of a boundary layer extending as high as 100mm from the tunnel floor, 
and, if anything, some evidence of a slight velocity overshoot near the floor for the grid 
scheme with 25n= tape. 
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Chapter 3 
Edge radius optimisation of a simple 
model 
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In this chapter, the results are presented of an edge radi us optimisation experiment 
using a simple I-box model. The method is based on Cooper's lead ing edge radius 
experiment [4]. This invo lved a Reynolds sweep at each radius to characterise the 
response of the mode l using the ba lance. The experiment was extended by looking al so 
at base pressures and centreline pressure di stributions, and by varying the level of 
freestream turbulence. Cooper's resu lt of a constant transcritical Reynolds number 
based on edge radius was used as a defining parameter to show the effect of turbulence 
on the flow over the models. In all , five levels of turbulence were used. 
The I -box model, similar in concept to Cooper's, is a single box shape with a 
replaceable front sec tion with 10 different radii , sca led to represent a traditional 4x4 
vehic le with a tall and relatively short body. 
In vehicle development, the aim of the edge radius optimisation process is to achieve 
fully attached flow, giving a low drag coefficient. The flow around edge radi i should 
therefore idea ll y undergo transition at a Reynolds number lower than that experienced 
by the vehicle at a representative road speed. The experiment was designed to 
investigate the transitional behaviour of the different edge radii under different 
turbulence condit ions. The results are presented in the following sections, first 
investigating the effect of turbulence on the drag coeffi cient and base pressures, and 
then investigating the lift coefficient results. Finally the centreline pressure distribution 
is examined to give additional insight into the conclusions reached from the force 
measurements. 
3.1 Model details and test procedu re 
Edge radii were selected that wou ld cover a range from complete ly pre-criti ca l flow at 
all Reynolds numbers possible in the model tunnel to fully developed post-critical flow 
at most Reynolds numbers tested . Cooper's data [4] was used to provide an estimate of 
the range required, and radii from 10ml11 up to 100l11m in I o 111 m steps were se lected. 
Wiedemann[23] suggested that increasing the turbulence would increase the effective 
Reynolds number, and therefore it was known in advance that some of the radii that 
only showed the high drag pre-critical flow in Cooper' s tests could undergo transition 
under raised freestream turbulence. 
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The model fro ntal area was scaled to produce a blockage ratio of 6%, resulting in a 
model that is approximate ly 22% of fu ll scale. Each replaceable front section had the 
same radius on the top and side front edges with radii ranging from 10mm to 100mm. 
The 40mm to 1 OOmm radii can be seen in Figure 9. The underside and rear of the model 
were flat with no backslant. In Table 4 the model details are shown and for comparison 
the model details employed by Cooper are also included. For the I-box model, the 
tunnel can produce Reynolds numbers from ReA = 0.4*106 up to ReA = 1.5*106, where 
ReA is the Reynolds number based on the square root of frontal area. 
Length L 
Width W 
Height H 
Front cross-sectional area A 
Blockage ratio 
Front edge radii 
I-box 
845mm 
390mm 
380mm 
0.1478m2 
5.953% 
10mm - 100mm in IOmm 
steps 
Table 4 Details of 1-box model sizing 
Model used b 
11 43mm 
381mm 
381mm 
0.J16Im2 
3. 1% 
Omm - 85mm 
Figure 9 The 1-box model with 7 of the front sections (40mm-100mm) 
Figure 9 shows the model with a selection of front pieces on either side. The model is 
mounted on threaded bar, which is connected to the underfloor balance. The ride height 
was set at 60mm, as the boundary layer thickness (899) is approximately 58mm at 40m/s 
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with an empty test section. Figure 10 shows a dimensioned drawing of the model with 
the 70mm front section attached. 
~.-_/ 
Figure 10 1·box model drawing w ith dimensions in mm (70mm front section fitted) 
Base pressures we re measured using 5 stati c tappings arranged in the centre of the back 
of the model, which were coupled together, and the pressures measured using a low 
range diffe renti al pressure transducer. Conventionall y, the static reference is the tunnel 
pi tot static, the same as is used to establi sh the reference veloc ity, but th is was not 
possible. When a turbulence grid is in the tunnel, the normal tunne l pitot becomes 
unreliable, and wind speed is reco rded by a pitot upstream of the gri d, previously 
ca librated aga inst the normal tunnel pitot in clean fl ow, i.e. with no grid installed. It is 
not possible to use thi s upstream pitot as a sta ti c reference, because the grid itse lf causes 
a static pressure loss . Therefore a roof stati c above the line of the back edge of the 
model provided the reference . This is signifi cantly distant enough fi'o m the model not to 
be affected by it. It measures a static pressure related to the blockage co rrected dynamic 
pressure and not the tunnel pitot dynamic pressure. 
3.2 The effect of turbulence on drag 
3.2.1 Clean tunnel drag results 
Figure 11 shows the variati on of drag coeffi cient at zero yaw for the I-box model in the 
Loughborough model sca le tunnel. The models were tested from 5m/s to 4S m/s III 
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2.5m/s steps, and the results are plotted against Reynolds number based on the square 
root of fronta l area (ReA)' The results show that for the smaller radii , the drag 
coefficient is quite high at low Reynolds numbers, of the order of 0.65. It drops slowly 
to begin with and then undergoes a rapid fall until it abruptly stops decreasing and 
becomes stable. For the medium and large radi i (40mm+) transition to fully attached, 
low drag flow is clearly visible. The 3 smallest radii did not undergo transition before 
reaching the maximum safe operating load for the drag component (l15N). This limited 
the maximum Reynolds number poss ible for these radii. It is probable that if higher 
Reynolds numbers could be reached, one or more of the smaller radii would also 
undergo transition to attached flow. Figure II shows good agreement with Cooper [4] . 
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Figure 11 Variation of drag coefficient at O· yaw with Reynolds number (Edge radius as a 
parameter) 
The results for the 40mm front section are repeated in Figure 12 with the chronology of 
the experiment indicated by the arrows. As Reynolds number increases, the flow 
becomes attached and the drag reduces to a relatively constant minimum at a particular 
Reynolds number. However, as the speed is reduced the turbulent boundary layer, that 
is now established, persists at lower tunnel speeds so the subsequent rise in drag occurs 
at a lower Reynolds number. This effect is much more noticeable on the smaller radii 
because they are more prone to separated flow due to the increased curvature. It can be 
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seen from Figure 12 that the critical and transc ritical Reynolds numbers (see below) are 
still relatively similar whether one chooses to use the data for velocity increasing or 
dec reasing. 
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Figure 12 Variation of drag coefficient with Reynolds number for 40mrn front section showing 
hysteresis loop 
Figure 13 shows the result for the 40l11m front with the hysteresis loop removed 
(ve locity increasing on ly). At low Reynolds numbers, the high drag coefficient implies 
that there is separated fl ow around the front of the model. As the Reynolds number 
increases, the drag coeffici ent slowly reduces, indicating that the separation is a bubble 
that is reducing in size and the reattachment point is moving further forwards (as shown 
by Cooper [4] using wool tufts for the same Reynolds number reg ion on his model). As 
Reynolds number increases furthe r the critical Reynolds number is reached, which is 
de fined as the point where the separated laminar boundary layer becomes unstable and 
begins to undergo transition to turbu lent flow (l-Ioerner [5]). The flow becomes fu ll y 
attached, and the drag drops dramatically, reaching a low and reasonably constant post-
critical drag coeffi cient. The flowfield around the radius is examined further in Chapter 
4. 
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Figure 13 Variation of Co with Reynolds number (40mm front on ly) showing flow regimes and 
transeritieal Reynolds number 
Also shown in Figure 13 for the purpose of defining terms are the transcritical Reynolds 
number Rete'i" which is defined as the point where CD falls to a low and approximately 
constant value after the critical Reynolds number, the critical Reynolds number itself, 
and the pre-critical region. 
The data from Figure I1 is represented in Figure 14 with the Reynolds numbers based 
on edge radius (Re,), and without hysteresis loops shown (speed increasing only). The 
transcritical Reynolds number identified in Figure 13 is here seen to be relatively 
constant when based on edge radius (Rertcrit), repeating the result of Cooper [4]. 
The transcritical Reynolds number is therefore a useful parameter, because it represents 
the whole dataset for this model at this turbulence intensity. If the results at different 
freestream turbulence levels also produce a constant Renc'i" it will be a way of directly 
identifYing the effect of the turbulence. This wi ll be shown later in this chapter. 
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Figure 14 Variation of drag coefficient at 0° Yaw with Reynolds number based on edge radius 
(Edge radius as a parameter) 
However, although it is easy to identi fy Rencr;, directly by eye for the 40mm radius, thi s 
is not the case for all radii , espec ia lly the largest, and so a consistent method is requ ired. 
One method, as used by Newnham[4IJ , was to fit a spline to the results, and identi fy the 
transcriti ca l Reynolds number by eye using the first derivative of the spline to ass ist in 
identify ing the correct point. This is more accurate for those curves that are less 
obvious, e.g. the 80mm or 90mm fro nt sect ions, but it still requ ires user intervent ion. 
An alte rnati ve method, not requ iring intervention, invo lves identify ing a linear best fit 
of the last 4 points reco rd ed, and then, using a " Piecewise Cubic Hermite In te rpolating 
Polynomial" (PCI-IIP) curve fit , the point where the curve deviates signifi cantly fro m 
the line is picked out numerically. The last 4 points are used because, as shown in 
Figure 13, the 40mm front secti on (which is the smallest radius to undergo transition on 
the I-box model) has onl y 4 points in the post-critical reg ion, where Co is reasonably 
constant and independent of Re. The PCH[P tit was used because it produces a resul t 
that close ly fit s the points with little overshoot (unli ke the spline). The method was 
ca librated by test ing diffe rent values of significant deviation and then selecting the 
value that gave answers that most close ly matc hed the correct values for the curves 
where transcriti cal Reynolds number is read il y identifiable by eye. In practice the 
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results for the different methods are not significantly different, but the final method can 
be applied automatically and objectively and is the most consistent. 
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Figure 15 Collapse of data for clean tunnel at zero yaw and comparison with Cooper 
Figure 15 shows the transcritical Reynolds numbers for all the edge radii against edge 
radius on a log-log scale. On the right hand side, the transcritical Reynolds numbers are 
based on the square root of frontal area, and the data is shown to fit a universal curve. 
On the left, the transcritical Reynolds numbers are based on edge radius, and the results 
are shown to be approximately constant. This is a repeat of Cooper's results, which are 
also plotted fo r comparison. In Cooper's paper the results are shown against non-
dimensional edge radius, calculated using the equation: 
77= j~ Equation 4 
where r = radius (m), A = fron tal area (m) 
Cooper fitted the formula 77 = cons! * (Re A t' to the data on the right, but then 
multiplied both sides by ~ and rearranged to give Re , = consl , shown on the left. 
Since the constant is independent of the frontal area, a model with a different frontal 
area should still have approximately the same values of Rertcrit for a chosen radius, but a 
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different va lue of ReAI«il, because of the diffe rence in A. Cooper's intention was to 
demonstrate an optimisation of a model scale vehicle that wo uld still be optimal at fu ll 
scale. In that case, scaling up to a 1: I vehicle would give the same va lue of 11 as the 
model, and therefore the same ReAtc' i' . However, in the same turbulence condi tions a 
40mm radius on a 1:5 scale model will behave in a similar way, and give a similar 
Re""il, as a 40mm radius on a full size vehicle. In other words, thi s is not a scale model 
effect. 
Instead of aimi ng to optimise a geometrically accurate vehicle at model scale, the focus 
in the present study is to examine the process of optimisation, and the effect of 
freestream turb ulence on the fl ow around a rad ius of varying size. To show this, the 
results are a ll plotted against the rad ius in mm, and 11 is not used. The reason therefore 
for testing at full scale in Chapter 5 is to demonstrate the practicali ty of the technique, 
and to repeat the results shown at model scale and show that the same logic can be 
applied to both experiments. 
3.2.1 .1 Yaw sensitivity in the clean tunnel 
Figure 16 and Figure 17 show the variation of CD with Reynolds number Re, fo r the 
40111111 and 70mm front sections respectively at di fferen t yaw angles . At 15° the 40mm 
front does not undergo transition, although it was possible to force low drag fl ow at 
high Reynolds number by first acce lerating the wi ndspeed with the model at 0° yaw and 
then yawing the model. It can be seen from the fi gures that the mode l is sensitive to 
yaw, in that there is an increase in drag coefficient across the range of Reynolds 
numbers tested. The transcritical Reynolds number appears constant for the 70mm fron t 
section, but there is less confidence in the result at 40111m, partly because of the reduced 
resolution at 10 and 15 degrees yaw for this radius. There is little evidence even at 
40l11m to suggest a trend in transcritical Reynolds number with yaw angle. 
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Figure 16 Variation of Co with Re, for the 40mm front section (Yaw angle as a parameter) 
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Figure 17 Variation of CD with Rer for the 70mm front section (Yaw angle as a parameter) 
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Figure 18 Collapse of drag data for the clean tunnel with all yaw angles 
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In Figure 18 the transcritical Reynolds numbers for the model at different yaw angles 
are plotted against edge radius, with results for ReA on the right and Re, on the left. The 
mean value of Reo,,;! was determined to be 1.17* 105. Table 5 shows the variation in the 
constant against yaw angle. The differences in the data are very sma\l - a difference 
between the max imum and mi nim um Reynolds number of only 7.6* 10J, compared to 
the spread betwee n maximum and mini mum Re",;! at zero yaw of 4.9*10'. [t IS 
suggested that the overall effect ofyaw is small with no significant trends. 
Yaw an le Transcritical Re, 
0° 1.14 * \ 0' 
5° 1.\8 * 105 
10° 1.2 1 * 105 
15° 1.1 5 * 105 
Table 5 Variation in average transcriti cal Reynolds number with yaw angle 
Figure 19 shows the results for transcri tical Reyno lds number based on edge radius 
replotted agai nst yaw angle. There is an increase in the spread of the data as yaw angle 
increases, but there is no signi fi cant trend present in the fi gure. 
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Figure 19 Variation of transcriti cal Reynolds number R e rtcrit with yaw angle, clean tunnel (edge 
radius as a parameter) 
3.2.1.2 Base pressure results in the clean tunnel 
The base pressure results were analysed by converting them to pressure coefficients 
using the equation 
c = p - p~ 
P !i pU' Equation 5 
where p is the tapping static pressure (Pa), p", is the static reference pressure 
(Pa), p is air density (kg/m) and U is the tunnel speed (m/s) 
Figure 20 shows the base pressure coefficient C pb for the clean tunnel. The first obvious 
characteri stic is that the base pressure is not the same for each front section in the post-
critical flow regime. It seems counterintuitive that the 100mm front section should 
cause the base pressure to be lower, implying that the base drag is greater in this case, 
although as will be seen in the pressure tapping results, the base pressure in the centre is 
not equal to the base pressure everywhere. There are some effects of transition apparent 
in the figure, which are shown more clearly in Figure 21, with the same data replotted 
against Reynolds number based on edge radius. 
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The transcritical Reynolds numbers are much less clear on individual curves due to the 
variation in the results, but it is clear that overall there is a difference between the pre-
critical flow, when the Reynolds number Re, is less than approximately 108,000 (from 
the balance results), and the post critical flow, at higher Reynolds munbers. It is 
suggested that the front sections that show separated wakes at low Re, have higher (less 
negative) base pressures because the separation at the front of the model causes a much 
larger boundary layer, as seen in the PIV results (Chapter 4). The opposite effect is seen 
for the large radii with fully attached flows - as the Reynolds number increases, the 
boundary layer at the trailing edge of the model becomes thinner (Equation 3) which 
should give a sharper separation and less mixing. This reduces the base pressure (more 
negative) giving more base drag. 
3.2.2 Summary of clean tunnel drag results 
• The I-box results show that the transcritical Reynolds number based on edge 
radius is a constant. This repeats the result of Cooper [4]. The variability that is 
evident is largely caused by the unstable nature of the flow in the range of 
Reynolds numbers close to the critical and transcritical Reynolds numbers. 
• It was shown that, because the constant Rertcrit is dependent only on the edge 
radius, the results can be treated as a test of edge radius optimisation without 
reference to the model scale. A 40mm radius should perform the same in a full 
scale wind tunnel as it does in the model scale wind tunnel, at the same 
Reynolds number based on edge radius. 
• The drag of the model is shown to be sensitive to yaw, but the transcritical 
Reynolds number remained constant over the range of yaw angles tested (0 -
15°). This was also reflected in Cooper's results [4]. 
• The base pressures are also found to vary with Reynolds number, in a way that 
correlated to the presence of separation at the front of the model. The base 
pressure was considered to be controlled by the boundary layer thickness at 
separation. 
53 
3.2.3 Drag results with additional turbulence 
The introduction of the turbulence grid reduces the maximum speed of the tunnel 
because of the additional pressure loss. The effect is small for the two lowest turbulence 
grids but at the highest level the maximum tunnel speed was reduced to 32m/s. Th is 
limits the maximum Re number achi eved in the following results. 
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Figu re 22 Variation of Co with Reynolds number ReA. Tu=1.38% (edge radius as a parameter) 
Figure 22 shows the drag results with the freest ream turbulence raised to 1.38%. It is 
clear in comparison with the clean tunne l resu lts in Figure II that there has been a 
significant change in the pattern of transitions, and in the shape of some of the curves. 
According to Wiedemann 's results [23], an increase in the effective Reynolds number 
(for the whole model) is expected, whi ch is the analogy often used to describe how the 
add itional turbulence has reduced the transcritical Reynolds number for a particular 
configuration. The 30l11m radius now undergoes transition whereas in the clean tunnel it 
did not, and the drag coefficient of the 20ml11 radius reduces considerably more at high 
Reynolds numbers than it did when the background turbulence level was much lower. 
The maximum Reynolds numbers for the 10mm and 20m111 radii are limited by the drag 
limi t on the balance, as for the clean tunne l results. 
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Figure 23 Variation of Co with Reynolds number Re •• Tu=1.38% (edge radius as a parameter) 
Figure 23 shows the resul ts for 1.3 8% turbulence replotted against Reynolds number 
based on edge radius. It can be seen in the figure that the transcritical Reynolds number, 
Re"";,, is still approximately constant, but is much lower than it was in the clean turme!. 
Using the same methodology as before, the average values of Renc,;' were calculated, 
and are reproduced in Table 6 for all leve ls of turbulence. The results show that the 
most signifi cant change occurs between the very low turbulence case - the clean tunnel 
- and the lowest level of increased freestream turbulence. The results fo r 1.38% and 
1.45% are effectively the same, and when turbulence intensity is increased further, the 
changes are small . 
Turbulence intensity (%) 
0.2 
1.38 
1.45 
3.4! 
5.13 
1.08 * 10' 
0.54 * !OS 
0.56 * 105 
0.44 * 105 
0.41 * !O5 
Table 6 Variation in average Rertcrit with turbulence for the drag results at 0° yaw 
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Figure 24 to Figure 26 show the drag results as the level of freestream turbulence was 
increased. [t is possible to see that the differences between the results at the raised 
turbulence levels are smaller than the difference between the clean tunnel results 
(Figure 11 ) and a small amount of additional rreestream turbulence (1.38%, Figure 22). 
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Figure 27 Comparison of transcritical Reynolds number at 0° yaw 
The transcritical Reynolds numbers were calculated for all radii, where it was possible 
to accurately identify it, and the results plotted against turbulence intensity on a log-log 
scale in Figure 27. There is an inverse relationship between turbulence intensity and 
transcritical Reynolds number shown by the fit line, Rertcri,=6A*105*Tu·OJ2 There are 
two sets of data for each grid on the graph, from two separate test weeks. Where data 
have not been plotted it is because the transcritical Reynolds number either did not 
exist, because transition did not occur for that radius in that turbulence intensity, or 
because the graph was so flat that it was not reasonable to claim to have identified a 
transcritical Reynolds number. 
3.2.3.1 Effective Reynolds number 
Wiedemann's argument [23] for the effect of turbulence is that it is analogous to a 
change in effective Reynolds number, and is based on finding the Reynolds number for 
a particular turbulence intensity where the drag coefficient of the model used fell to a 
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presented va lue (0.30). Wiedemann noted that the increase in turbulence intensity is 
likely to change the wall shear stresses, and thus increase the value of asymptotic CD, 
although thi s was not seen in the results Wiedemann presented. It was shown that the 
magnitude of the change in effective Reynolds number was dependent on the scale of 
the mode l, and errors that moved the data away from the fit were either due to the 
model being too close to the grid, or due to interference with the collector of the open 
jet wind tunnel that was used. The argument of effective Reynolds number is intended 
to be an expedient way of testing a model scale vehicle under conditions that are 
analogous to fu ll scale, by using rai sed levels of freestream turbulence. Wiedemann 
does not attempt to show that the change in effective Reynolds number is linear or valid 
over a range of Reynolds numbers, on ly that the model should reach the fu ll scale drag 
coefficient at a lower Reynolds number than in the clean tunnel. 
In the present study, the results presented in Figure 11 and Figure 22 to Figure 26 show 
that there is also an effect of turbulence on the way that Co changes with Reynolds 
number, particularly in the transition region, where there is a change in the way the 
separation behaves, and the way transition to fully attached flow occurs. In the clean 
tunnel, there is a definite sharp corner point on the curve for the 40mm radius, which 
shows that the CD fa lls quickly to the post-critical value and then becomes 
approximately constant from that point as Reynolds number increases. When the 
freestream turbulence level is rai sed, this transition becomes more gradual, more simi lar 
to the larger radii , where there is first a large fall in CD and then a gradual reduction 
towards the post-critical val ue. The transcritical Reynolds number in these cases 
becomes more difficult to accurately identify. 
Wiedemann aimed at optimising a vehicle at model scale, and stated that, using the 
freestream turbulence levels generated, it would be possible to optimise a vehicle as if 
at full scale at a Reyno lds number (based on vehicle length) of 4.1 * I 06, using a 40% 
scale model. While this is not the aim of the present experiment, the fact that additional 
turbulence can be used to force transition for the 20mm radius (which would be 92mm 
if scaled up) , as shown in Figure 25, would seem to back up this conclusion, although it 
is impossible to achieve such high Reynolds numbers in the Loughborough wind tunnel 
without causing significant blockage effects. 
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The change seen in the drag characteristic with Reynolds number leads to an alternative 
view, that of effective radius. It is highly unlikely that the curve for a particular radius 
in raised levels of freestream turbulence would match precisely to a different radius in 
the clean tunnel and so it is difficult to see how this concept could be used formally. 
However, ignoring the model scale and focusing on the Reynolds number based on 
edge radius as a point of comparison, it does appear that since both the transcritical 
Reynolds number and the characteristic have changed, that the change in effective 
radius is equal to the ratio of the constant transcritical Reynolds number Re, between 
one level of freestreanl turbulence and another. 
Taking the results for the clean tunnel and the first increased turbulence level, this 
would imply a doubling of effective radius, so that, for example, the 40mm front radius 
in the turbulent flow should show the same characteristic curve for drag with Reynolds 
nwnber as 80mm front radius in the clean tunnel. Examining the figures shows that 
although the transcritical Reynolds numbers based on frontal area, the characteristic 
with Reynolds number and manner of transition are very similar, the Co for the 40mm 
front is much higher in the pre-critical flow with increased freestream turbulence than 
the pre-critical CD for the 80mm front radius in the clean tunnel. This is because of 
differences in skin friction and in the acceleration and pressure field around the radius. 
Therefore effective edge radius is not a complete explanation of the effect of increased 
turbulence, but it may be a useful concept for understanding how a particular radius will 
perform in increased freestream turbulence, even if the levels of CD are not accurately 
matched. 
3.2.3.2 Change in post-critical drag coefficient 
To compare the effect of the freestream turbulence on the magnitude of CD as Reynolds 
number changes, the results for all freestream turbulence levels for the 40mm front 
radius are shown in Figure 28. At low Reynolds numbers the addition of turbulence is 
seen to reduce the drag coefficient but above the transcritical value the drag coefficient 
is higher. Wiedemann [23] showed results that indicate that, where separations are 
reduced, there should be a reduction in CD, and postulated that the wall shear stress 
would also increase, leading to an increase in asymptotic CD. Cogotti [26) showed 
results for full scale vehicles that showed an increase in CD when the level of free stream 
turbulence was increased, and Meier [42] also indicated that increased freestream 
59 
turbulence increases skin fri cti on. Figure 28 indicates that for a simplified bluff body 
there is a reduction in CD due to reduced separation at low Reynolds num bers, and an 
increase at hi gh Reynolds numbers due to hi gher wa ll shear stresses. 
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Figure 28 Comparison of drag coefficient variation at 00 yaw with Reynolds number based on edge 
radius (40mm front) (turbulence intensity as a parameter) 
Figure 29 shows how the post-critical drag coeffi cient varies between di ffe rent front 
sect ions in each turbulence case. [t is clear Ihat the large r the edge radius, the lower the 
drag, in all cases . As already di scussed, the addition of freestream turbu lence caused the 
post-criti cal drag to be higher. An important aspect o f all the resul ts is that increasing 
the freestream turbulence 1'1'0 111 0.2% to the lowest additional leve l tested caused the 
largest change - the actual value of turbulence intensity over 1.38% onl y makes a small 
difference. From 0.2% to 1.38% is a fac tor of 7 times increase in tW"bulence, and fro m 
1.38% to 5. 13% is onl y a factor of 4 times increase, and so there is an indication in the 
results that the ratio of turbulence intensiti es is related to the change in post-c riti cal CD. 
In Figure 30 the results are replolted as the change in drag coeffi cient over the clean 
tunnel value aga inst turbulence intensity, which shows again that the lowest leve l of 
additional frees tream turbulence makes the largest change to the results. It is of interest 
that despite having very similar turbulence intensities and length scales, the 1.38% and 
1.45% grids produce consistentl y different results, with the 1.38% grid producing a 
60 
greater change than the 1.45% grid. The increase in post-critical CD IS shown to be 
reasonably independent of edge radius in the figure . 
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3.2.3.3 Effect of yaw with additional freestream turbulence 
Figure 31 shows the data collapse for all yaw angles fo r 1.38% freestream turbulence. 
The mean value of Ren,,;, was recalculated to incl ude all the data, and is slightly higher 
than fo r the zero yaw data on ly; 0.65* I 05 instead of 0.54* 1 05 
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Figure 32 shows the transcritical Reynolds numbers based on edge radius replotted 
against yaw angle. There is only a very weak trend in the results and it is not considered 
to be signifi cant. 
3.2.3.4 Hysteresis with additional turbulence 
Figure 33 shows that the hysteresis loops that were very clear for the 40mm and SOmm 
front on Figure 11 are not evident even for the lowest level of additional freestream 
turbulence. This is another indication that the turbu lence grid does not only increase the 
effective Reynolds number, but significantly alters the fl ow over the model. The PIV 
results in Chapter 4 clearly show the difference between increasing the turbulence level 
and increasing the Reynolds number. Hysteresis was not investigated for the smaller 
radii and they are therefore not included on this figure . 
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Figure 33 Variation of drag coeffi cient at 0' yaw with Reynolds number for the 1·box model, 
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It was suggested that the hysteresis was caused by the presence of a separated laminar 
boundary layer when increasing the Reynolds number, which then does not appear 
when Reynolds number is reduced, because the boundary layer tends to stay turbulent 
and attached when it has already been tripped by the higher speed running. With 
additional freestream turbulence, the shape of the graph is changed and there is no 
prolonged separation as Reynolds number increases for these radii. 
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3.2.3.5 Effect of ra ised freestream turbu lence on base pressure 
Increasing the freestream turbulence reduces the base pressure, contributing to the 
increase in post-critical Co, as shown by the results for the 40mm front radius in Figure 
34. Examining the other front sec tions shows the same effect, for example for the 
30111111 front radius in Figure 35. The 30111111 fron t section undergoes a strong transition 
at a ll the raised turbulence levels, but increasi ng the turbulence intens ity still reduces 
the post-critical base pressure, contributing to the ri se in post-c ritical Co. 
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Figure 34 Base pressure comparison, 40mm front only . with turbulence intensity as a parameter 
fi gure 36 shows how the post-critical va lue of base pressure coeftic ient varies with 
turbulence intensity. There is a clear tre nd of reducing base pressure (increas ing 
suction) with increas ing turbulence, with the greatest reduction appearing on the 
sl11allest radii, and a greater additional change for the smaller radii as the turbu lence 
intensity was increased. Bearman [1 6] reported that for a 3D body with a smooth front , 
there was no effect of turbule nce on base pressure, and that where the body was short 
and blunt with separation , there was a reduction in the base suction (less negati ve). 
These results show an opposing effect, but the model is in ground effect, which will 
have a signifi cant effect on the base pressure distribution when compared to the bod ies 
in free air in Sem'man 's studies, and the PlY results (Chapter 4) show that when there is 
separation on the front of the model , there is also reattachment along the sides, which 
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was also not the case for Bearman's short blunt bodies. The base pressure distribution is 
further investigated in Section 3.4.2. 
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3.2.4 Summary of results with increased freestream turbulence 
• The transcritical Reynolds number based on edge radius was fo und to remain 
constant for a particular level of freestream turbulence, but was reduced by 
increasing freestream turbul ence. The Inverse relationship 
Rert,,;,=6.4* I 05*Tu·o.J2 was found to match the results. 
• The concept of an effective Reynolds number was found to be an inadequate 
description of what happens when the freestream turbulence level is increased. 
Instead, effecti ve edge radius was proposed as a more representative model. 1t 
was shown that thi s concept gave a fai r representation of the change in the trend 
of drag with Reynolds number at di fferent turbulent intensities, but did not 
capture the difference in the values of CD between one radi us at an increased 
turbulence intensity and its equivalent in the clean tunnel. 
• The post-critical Co was shown to increase with increasing turbulence intens ity. 
The increase was reasonably independent of edge radius and was shown to 
depend on the ratio between turbulence levels. 
• As in the clean tunnel, no significant trend in transcritical Reynolds number 
with yaw angle was seen. 
• The hysteresis loops that were seen 111 the clean tunnel were damped out 
completely by increased turbulence. 
• Increasing the turbulence intensi ty caused an increase in base suction (more 
negative base pressure) indicating that some of the increase in drag is caused by 
thi s change in the pressure field , as well as an increase in skin fri ction. 
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3.3 The effect of turbulence on lift 
3.3.1 Clean tunnel lift results 
Figure 37 shows the total lift coefficient (Cd results at zero yaw. The curves are not as 
simple and distinctive as the drag coefficient results, and there is no obvious constant 
value for transcritical Reynolds number. It is possible that there may be competing 
effects between the front and rear of the model. In order to investigate this, and to look 
for a correlation with the drag results, the front and rear lift results are calculated using 
Equation 6. 
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Figure 37 Variati on of lift coefficient at 0' yaw w ith Reynolds number based on edge radius (Edge 
radius as a parameter) 
C _CLI C IY - 12 + MY 
where ClF = front lift coefficient 
ClR = rear lift coefficient 
CMY = pitching moment 
Equation 6 
The transition from pre- to post-critical behaviour is now clear in both the front (Figure 
38) and rear (Figure 39) lift results. It is possible to identify transcritical Reynolds 
numbers for the front lift coefficient (eLF) using the same method as for drag. The rear 
lift coefficient (CLI~) shows a similar pattern of clear pre-critical , transitional and post-
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cr it ical flows. The smaller radi i, IOmm-30ml11, do not undergo transition , just as was 
the case for the drag results. However , they do follow the same pre-criticaltrend as the 
other radii , and , separated into front and rea r lift coefficients, the results are relati vely 
flat and consistent, while the overa ll lift coefficient trends appear less steady. 
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The reduction in front lift with increasing Reynolds numbers must come from a change 
in the pressure recovery after the radius, and this is shown in the centreline pressure 
results in Figure 47. 
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Figure 40 and Figure 4 1 show the collapsed data for front and rear li ft, for all yaw 
angles. In compari son with Figure 18, there is a similar amount of spread in the results, 
and many individual points on the drag results match with corresponding individual 
points in the lift results. This shows that the transit ion in the flow affects lift and drag 
for a given Reynolds number in a simi lar way. 
The constant va lues obtained by least square analys is match we ll with those obtained 
for the drag data and are given in Table 7. 
Coefficient Least s uares avera"c Re,"'it 
3.3.2 
1.1 4* 10' 
1.22*105 
1.25* 105 
Table 7 Comparison of transcritical Reynolds numbers for drag and li ft coefficients 
Lift coefficient results with increased freestream turbulence 
The results of the addition of turbulence for a single radius are shown in Figure 42, split 
as for the clean tunnel results into front and rear coefficient. The changes in front and 
rear lift are oppos ite in sign. The results show similar trends to the drag coefficient, in 
that additional freestream turbulence reduces the transcritical Reynolds number. The 
values of Rertcri' were calculated fo r all the radii using the same method as before, and 
the results are shown in Table 8. The results are similar to the drag results in Table 6. 
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Figure 42 Comparison of front and rear lift coefficients at 0' yaw with Reynolds number based on 
edge radius (40mm front) 
Tu % elF RCrtcril C LR RCrtcril 
0.2 1.02* 10' 0.98*10' 
1.38 0.56* I 05 0.60* 105 
1.45 0.52* 105 0.54*105 
3.41 0.40* 105 0.59* I 05 
5.13 0.32* 105 0.32* 105 
Table 8 Variation in front and rear transcritical Reynolds number with turbulence at 0° yaw 
There is also a clear change in the post-critical values of front and rear lift coefficient 
with additional freestream turbulence. Post-critical rear lift (Figure 44) is reduced by 
adding turbulence, and post-critical front lift (Figure 43) is increased - in other words, 
the magnitude of the coefficient always increases. 
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Figure 43 Change in post~c r i ti ca l e lF w ith additional freestream turbulence 
In the drag results, it was seen that adding any small amount of additional freestream 
turbulence made more difference than further increasing the turbulence leve l (Figure 
30), but for the front lift thi s is not the case, as the changes are more progress ive. The 
front lift is highly affected by changes in the fl ow around the top radius, and in the 
centre line pressure results it will be seen how the pressure di stribution is affected by the 
add itional turbul ence. 
The change in rear lift coefficient is much small er with the largest change occurring 
when the turbul ence was increased to 1. 38% (a lthough increasing it to 1.45% gives a 
significantly small er shi ft over the baseline result), with further increases in turbul ence 
only re sulting in a small add itional reduction, as was the case for the drag results. The 
changes at the rear are likely to be dri ven by changes in the front stagnation point. 
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Figure 44 Change in post-cri ti cal CLR with additional freestream turbu lence 
3.3.3 Summary of the lift results 
• In terms of the change in Ren,,;, and the effect of the additional turbulence on 
post-critical front and rear lift coefficients, the lift results broadly show the same 
effects as the drag results. 
• The most significant effects occur around the front of the model, as would be 
expected, with additional effects at the rear of the model that most likely arise 
from shifts in the front stagnation point position. 
73 
3.4 The effect of turbulence on the centreline pressure distribution 
A line of pressure tappings was installed on the centreline of the model, in order to 
capture the detailed pressure di stribution around the radius, and the pressure recovery 
region on the roof. Tests were conducted on the 30111m, 40nm1 and 100mm radii, at 
20m/s, 30m/s and 40m/s. The two small radii were chosen because they cover the full 
range of different flow regimes be li eved to exist on the model, and the 100mm front 
section provides a control result where no separation is expected - since the 100mm 
front section has shown very little variation in drag or base pressure trends, it should 
give simi larly unaffec ted pressure curves. The tapping locations for the 40mm radius 
are shown in Figure 45. The static reference was located in the roof of the tunnel in line 
with the base of the model, because it was not poss ible to use the upstream pitot tube 
when it was upstream of a turbulence grid, due to the pressure drop across the grid . The 
pressure coefficients are therefo re reported as blockage corrected val ues. 
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Figure 45 Tapping locations on the 1·box model with the 40mm front section install ed 
From the drag resu lts (Figure 11 , Figure 22, and Figure 24 to Figure 26) it was expected 
that the speeds chosen would show separated and reattached fl ows fo r the clean tunnel 
and turbu lence grids, depending on the edge rad ius and Reynolds number. 
3.4.1 Effect of turbulence on the top surface pressure distribution 
Figure 46 shows the results for the 30mm radius in the clean tu nnel. The drag results 
indicated separated flow, with a CD of 0.69 at 20m/s, 0.68 at 30m/s and 0.67 at 40m/s. 
The pressure results show strong evidence for this, as can be seen by the shape of the 
di stri bution, wh ich has a region of suction over a large length of the upper surface with 
a suc ti on peak downstream of the edge rad ius itself. 
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Figure 46 Top surface Cp results for the 30mm radius in the clean tunnel (wind speed as a 
parameter) 
Along with the relatively low magnitude of the peak suction (compared to the figures 
that follow), thi s general shape is a characteristic of the pressure distribution under 
deliberately separated flowfields that appear in the literature (e .g. Li and Melbourne 
[1 9]). It is not possible to determine the reattachment point from pressure results, but it 
can be clearly seen that the pressure recovery length reduces with increasing wind speed 
(and therefore Reynolds number) . The peak recorded pressure coefficient on the front 
face of the model for this radius in the clean tunne l was slightly greater than 1, which is 
likely to be due to the static reference location and some experimental error. 
Figure 47 shows the same radius but with the turbu lence intensity raised to 1.45% (the 
results for 1.38% turbulence are very similar). Here, the separation still occurs at 20m/s, 
but by 30m/s there is a large suction peak on the radius. For comparison, the CD at 
20m/s was 0.65, at 30m/s 0.43 (in the end of the critical region on the graph), and at 
40m/s 0.38. Hucho [43] states that the suction peaks are much smaller for separated 
flows, so the deep suction at 30m/s indicates that a significant change has occurred in 
the flowfie ld, so that the flow is either fully attached or only intermittently separated. 
The pressure recovery length becomes much shorter after tills strong suction, and does 
not change significantly with Reynolds number, but the peak suction increases at 40m/s. 
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There is, there fore, some further change in the flow around the radius that is indicated 
by the increase in suction and the decrease in CD fro m 0.433 to 0.3 8 1. 
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Figure 47 Top surface Cp results for 30mm radius with 1.45% turbulence grid (windspeed as a 
parameter) 
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Figure 48 Top surface Cp results for the 30mm radius wi th 3.41 % turbulence grid (windspeed as a 
parameter) 
I n Figure 48 the results are shown fo r the 3.41 % turbulence grid . In thi s case there is a 
deep suction around the radius at all speeds indicating attached fl ow. There is a small 
kink in the curve just at the point where the radius fini shes, when the speed was 20m/s, 
which is also shown in Figure 47 at 30m/s. The repeatability of thi s feature in di ffe rent 
76 
turbulence conditions at different speeds indicates that it is not caused by a blocked 
tapping but is typical of a highly localised flow separation occurring where the radius 
stops and the flat top or side of the model begins. At this point on the model there is a 
discontinuity in the second derivative of the surface function. 
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Figure 49 Top surface Cp results, 30mm radius at 20m/s with body profile shown (Tu as a 
parameter) 
In order to directly compare the changes caused by different levels of free stream 
turbulence, Figure 49 shows the variation in Cp with longitudinal position at 20m/s for 
the 30mm radius with turbulence intensity as a parameter. The Reynolds munber Rer is 
OAI*105• In the separated cases (0.2% - 1A5% turbulence) the results follow those of 
Hillier [18J, Saathoff [44J, Li and Melbourne [19J and others, in that increased 
turbulence caused a reduction in the size of the separation bubble and an increase in the 
magnitude of the suction peak. Additional turbulence (3041% and 5.13%) causes the 
flow to become fully attached around the radius, although as before it may display a 
small separation at the point where the radius stops. 
For the same radius but at 30mls (Figure 50) the Reynolds number is now sufficiently 
high (Rer=0.61 * 105) that the flow is fully attached or only intermittently separated for 
all values of additional turbulence. The small kink at the end of the radius, that is 
characteristic of a local separation, appears for turbulence intensities of 1.38% 1A5%, 
and 5.13%, but not for 3 AI %. For comparison, the drag coefficient was 00433 at 1.45% 
turbulence, 0.390 in 3Al % turbulence and 0.392 in 5.13% turbulence. Some of the 
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reduction in Co between 1.45% and 3.41 % could come from this area of the model, but 
a change of 2 counts of drag is too small to draw a significant conclusion for the higher 
level of turbulence. There is also an increase in base suction (more negative) between 
3.4 1 % and 5. 13% contributing to the drag change that will be shown in the next 
subsecti on. 
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Figure 50 Top surface Cp results, 30mm radius at 30m/s with body profile shown (Tu as a 
parameter) 
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Figure 51 Top surface Cp results, 30mm radius at 40mls with body profile shown (Tu as a 
parameter) 
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Figure 51 shows that broadly the same results occur at 40rn/s (Re,=0.82* 105). No result 
is presented fo r 5. 13% turbulence because it is not poss ible to run the tunnel at 40rn/s 
with that grid installed. The CD results are, for 0.2% turbulence 0.670, for 1.38% 
turbulence, 0.3 83 , for 1.45% turbulence, 0.38 1 and for 3.41 % turbulence 0.382. The 
drag coefficients are almost exactly the same in increased turbulence, and so are the 
pressure di stributions. The drag reduction between 0.2% turbulence and the increased 
levels comes from the change from a separation on the radius to no or almost no 
separation, causing the large suction peaks on the rad ius that give rise to an increased 
component of pressure force pointing in the direction of travel, as well as strongly 
affecting the front lift. There is also some evidence of a change in the Cp over the rear 
half of the top surface between the clean tunnel and the turbulence grid results, which is 
due to a larger boundary layer in the separated case (Section 4.4.2). 
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Figure 52 Top surface Gp results, 40mm radius at 30m/s with body profile (Tu as a parameter) 
Figure 52 shows the results for the 40mm front radius at 30rn/s. As expected, it is 
similar to the 30mm front radius at the same Reynolds number, but the acceleration 
over the front section is reduced, making the suction peak smaller in value but over a 
larger surface area. As fo r the 30mm front section, there is a separation shown at 0.2% 
turbulence, and then the flow is attached when the level of freestream turbulence is 
raised. This was expected from the CD results as before. 
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For comparison, the pressure di stribution over the 100mm radius is shown in Figure 53 
at 30m/s. It is clear that a radius this large must have fully attached fl ow, and so it is 
seen in the fi gure . There is a suction peak on the radius which is then recovered as the 
flow moves downstream, with some variation in the pressure recovery and prec ise 
location of the suction peak w ith turbulence intensity. The differences between the 
curve s are small , and so is the vari ati on in CD - in order of increas ing turbulence, the 
drag coefficients for the 100mm rad ius at 30m/s are 0.347, 0.357, 0.355, 0.360 and 
0.360, which show an initial increase due 10 skin friction and then almost no change 
with increasing turbulence, at this speed. 
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Fi gure 53 Top surface Cp resu lts, 100mm radius at 30mis with body profi le (Tu as a parameter) 
3.4.2 Base pressure distribution 
The base pressure distribution shows a different perspective to the result s from the 
average of 5 centrally placed tappings in Sections 3.2 .1.2 and 3.2.3.5 . The effect of the 
ground becomes clear, and it is shown that there is a difference between the effecl of 
Reynolds number and turbulence on the top half orthe model and the bott om half. 
Figure 54 illustrates how the base pressure di stribution changes for the 30111111 front 
radius in the clean tunnel with increasing Reyno lds number. The curves are typical of a 
road vehicle in ground effect, showing more suction between Z/H = 0 to 0.5 than 
between 0.5 and I due to the fl ow acceleration under the model. The base pressure 
distribution is similar at 20 and 30m/s, and at 40m/s the suction from Z/H = 0 to 0.7 
becomes deeper. Th is repeats the result from the previous base pressure measu rement 
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that showed an increase in base suction with increasing Reynolds number (increasing 
the base drag). From the top surface distributions it is known that for this radius there is 
a separation on the radius for all speeds tested in the clean wind tunnel configuration. 
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Figure 54 Variation in base pressure with vertical position for the 30mm radius in the clean tunnel 
(windspeed as a parameter) 
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Figure 55 Variation in base pressure with vertical position, 30mm radius in 1.45% turbu lence 
(windspeed as a parameter) 
Figure 55 shows the base pressures with the turbulence intensity increased to 1.45%. 
Again referring to the over-body distribution (Figure 47), the flow shows a separation at 
20mls and then becomes attached or intermittently separated by 30mls . The shape of the 
curve becomes quite different, with a much deeper suction over the top half of the base 
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(Z/H=O.4 to I). Since th is deeper suction is the result of a fully attached flow wi th a 
correspond ing thin boundary layer, the comparatively reduced suction at 20m/s impl ies 
that even if the boundary laye r reattaches, there is sti ll a conside rab le th ickened 
boundary layer developed by the separated reg ion which persists as the fl ow moves 
downstream, which encourages mi xi ng in the base and reduces the suction. Thi s is seen 
in the Pl Y results in Section 4.4. 
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Figure 56 Variation in base pressure with vertical position, 30mm radius at 20m/s 
Figure 56 shows the variation in the base pressure distribution for the 30mm rad ius at 
20m/s as turbulence inte nsity changes. As has been previously seen fo r the upper 
surface results, the flo w is sepa rated in the clean tu nnel, and for 1.38% and 1.45% 
turbulence, but becomes attac hed when the turbu lence intensity reaches 3.41 %. There is 
a clear progress ion in the curve as the turbulence intensity increases - the suct ion 
increases a little at the bottom of the model (Z/I-I =O to 0.4), and when the fl ow becomes 
attached, it increases significantly at the top (Z/I-I=0.45 -0.8). These changes appear to 
be similar to the changes caused by increasing the Reynolds number both in the clean 
tun nel and fo r the 1.45% grid, but the curves wi th the highest turbulence levels do not 
quite become the smooth parabolas that are shown fo r 30m/ s and 40m/s at 1.45% in the 
fi gure above (and al so for the 40mm radius in the clean tlllmel at higher Reynolds 
numbers). This is because the 30mm rad ius is in the critical region at 20m/s even in 
5. 13% turbu le nce, as shown by Figure 26 and so there is still some intermittent 
sepa rati on aro und the rad ius. 
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~-------------------------------------------------------------------------- -
Figure 57 shows the results at 30m/s. The flow is now attached at all increased levels of 
freestream turbulence, and there is a corresponding similarity in the distributions. There 
is evidence of a trend with turbulence in the base pressure near the top edge of the box, 
where a small amount of turbulence has had a large effect on the suction, but increasing 
turbulence further has brought the suction back towards the clean tunnel result. This 
could be a result of increased boundary layer thickness, as the clean tunnel base 
pressure here is the result of a thickened boundary layer that has propagated 
downstream from the separation on the leading edge radius. At the bottom-most point 
measured, there is very little difference in the base pressures once the turbulence 
intensity was raised from the clean tunnel result. 
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Figure 57 Variation in base pressure with vertical position, 30mm radius at 30mis 
Increasing the speed to 40m/s (Figure 58) shows a very similar pattern to that at 30m/s, 
with the result (expected from Figure 54) that increasing the Reynolds number has 
further reduced the suction near the bottom of the model. 
The results for the IOOmm front radius a t JOm/s (Figure 59) show the base pressure 
distribution where the flow is fully attached around the front radius. This figure also 
shows the trend of a reduction in the suction near the top of the model when the 
turbulence intensity was raised above 1.4%. 
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Figure 58 Variation in base pressure with vertical position, 30mm radius at 40m/s 
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Figure 59 Variation in base pressure with vertical position , 100mm radius at 30m /s 
A ll of the fi gures show a sign ificant varia tion in base pressure with vert ica l posit ion, 
and it. is d iffi cult to gain an understanding from the above fi gures of the effect of 
turbulence on the base drag. It may be that, give n the conflicting effects of turbul ence 
(depending a lso on the Reynolds num ber) between the base pressure on the top half of 
the base and the bottom ha lf, that there is not just a single effect that can be easily 
identified as a rule of thumb for the e ffect of turbulence on the base pressure of a body 
with separati on at the front, but in order to show the e ffec t of turbulence on the base 
drag, an area we ighted average was calcul ated. The results are shown in the following 
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figures as area weighted average base pressure Cpb against turbulence intensity, with 
leading edge radius as a parameter, for 20m/s (F igure 60), 30m/s (Figure 61) and 40m/s 
(Figure 62). 
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Figure 61 Varialion in area weighled average Cpb w ilh Tu al 30m/s (edge radi us as a parameler) 
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The results show that, as might be expected from the CD results, adding some additional 
turbulence to the flow over a body with a separation makes a large difference , and 
adding more turbulence makes a smaller difference. In general, adding turbulence 
reduces the base pressure, increasing the suction and therefore the drag. However, it 
should be remembered that the results are only indicative as they are distorted by the 
presence of the ground, and do not show the variation across the width of the base, only 
the height. 
3.5 Summary 
• The I-box drag results showed that the transcritical Reynolds number based on 
edge radius is a constant, both in the clean tunnel and with increased freestream 
turbulence. Increasing the level of freestream turbulence reduced the value of 
the constant and the inverse relationship Re rt,,;,=6.4 * 105*Tu·o.J2 was found to 
match the results. 
• Since the constant is dependent only on the edge radius, the results can be 
treated as a test of edge radius optimisation without reference to the model scale. 
A 40mm radius should perform the same in a full scale wind tunnel at a 
particular turbulence level as it does in the model scale wind tunnel , at the same 
Reynolds number based on edge radius and in the same freestream turbulence 
conditions. 
• The concept of effective Reynolds number was found to be an inadequate 
description of what happens when the freest ream turbulence leve l is increased. 
Instead, effective edge radius was proposed as a more representative model. It 
was shown that this concept gave a fair representation of the change in the trend 
of drag with Reynolds number at different turbulent intensities, but did not 
capture the difference in the values of CD between one radius at an increased 
turbulence intensity and its equivalent in the clean tUlUlel, because of skin 
friction effects and the difference in acceleration around the radi us. 
• The model was shown to be sensitive to yaw, but the transc ritical Reynolds 
number remained constant over the range of yaw angles tested (0 - 15°), both in 
the clean tunnel and with increased freestream turbulence . This was also 
reflected in Cooper' s results [4). 
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• The post-critical CD was shown to increase with increasing turbulence intensity. 
The increase was reasonably independent of edge radius and was shown to 
depend on the ratio between turbulence levels. 
• The base pressures were also found to vary with Reynolds nwnber, in a way that 
correlated to the presence of separation at the front of the model. The base 
pressure was considered to be controlled by the boundary layer thickness at 
separation. Increasing the turbulence intensity caused an increase in base suction 
(more negative base pressure) indicating that some of the increase in drag is 
caused by this change in the pressure field, as well as an increase in skin 
friction. 
• Increasing the freestream turbulence completely eliminated the hysteresis loops 
that were seen in the clean tunnel for the 40mm and 50mm radii. 
• The lift results broadly show the same effects as the drag results, in terms of the 
change in Rertcril and the effect of the additional turbulence on post-critical front 
and rear lift coefficients. 
• The most significant effects on Jift occur around the front of the model, as 
would be expected, with additional effects at the rear of the model that most 
likely arise from shifts in the front stagnation point position. 
• The centreline pressure results showed further evidence for the presence of 
separations in the clean tunnel for the smaller radii at low Reynolds numbers. 
The reduction in drag when the Reynolds number increased was shown to come 
from the sharp increase in suction on the leading edge radii, indicating that the 
separations had reduced, or that the flow had become fully attached. 
• The addition of freestream turbulence also caused the pressure distribution 
around the radius to change, increasing the suction and indicating that the 
separation around the radius was reduced or absent. 
• The base pressure distribution was seen to be affected by both changes in the 
Reynolds number and changes to the turbulence intensity. Increasing either 
Reynolds number or turbulence intensity increased the base suction. 
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Chapter 4 
Flowfield measurement 
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In order to gain a fuller insight into the effect of turbulence around the rad ius of the 
I-box model, it is desirable to make direct measurements of the flow. There are several 
ways to achieve thi s, all with advantages and di sadvantages. The main too l that has 
previous ly been used to make measurements in boundary layers is the hotwire, but thi s 
is not su ited to recirculating flows and would not provide an insight into changes in the 
separation bubble. What was needed is a non-intrusive measurement of the now 
veloc ities around the rad ius, and for thi s reason Particle Image Yelocimetry (PlY) was 
used, because it is capable of producing velocity vectors over a large area of fl ow that 
are synchronous with each other, giving a measurement of separation and vortic ity that 
cannot be easi ly obtained using other techniques. 
4.1 PIV technique 
PlY is a method of measuring the velocity distribution of a flow on a plane (classic 
PlY), on and through a plane (stereoscopic PlY) or throughout a vo lume (full 3D PlY) 
in the test section. Only classic PlY was ava ilable for thi s experiment, and so only 
classic PlY wi ll be described here. 
A dual pulsed laser fires into the wind tunnel working section. The laser beam passes 
through optics, which spread the beam into a light sheet, which is then orientated and 
aligned to illuminate the plane of interest. A seeding system is used to introduce 
particles into the flow, which must be set so that the particles fill the plane of interest. A 
camera is mounted, ideally normal to the light sheet and outside the wind tunnel, and 
image pairs are taken of the particles as illuminated by the laser, with a very short delay 
between the two images in a pair. The basic setup is shown in Figure 63 (thi s diagram is 
a schematic only; the light sheet shown continues to the far wall , where it passes the 
model). 
Figure 64 shows a cropped area of the field of view for a sample image pair taken at 
ISm/s, showing the model at the bottom and the seeding moving from ri ght to left. 
90 
Figure 63 Setup 
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Figure 64 Example image pair (cropped) showing model (dark region) with seeding particles 
PIV processing is then carried out on the image pairs. The software breaks the images 
down into many small interrogation cell s and correlates the intensity of a cell in image 
I with the intensity of the corresponding cell in image 2 by moving the second 
interrogation window to different locations at a small distance from its original position 
in image I. A map of correlations is then produced, and the displacement between the 
91 
ce ll in image 1 and the corresponding cell in image 2 where the correlation produces the 
highest peak then gives a di splacement vector in pixe ls. This can be converted to mm or 
metres using a calibration image. The time delay between the two images is then used 
to calculate the veloci ty of the flow for that window. In practice, a mult i-pass algorithm 
that starts with a large cell size and works down to smaller ones is used, and in the final 
passes the ce ll s are overlapped. In between each pass, the software uses the results from 
the previous pass to distort the grid of interrogation cell s in the second image. 
• Starting wi th a large window and working down to smaller ones means that for 
the first vectors, although the spatial reso lution is poor, a very large amount of 
data is being used to generate the correlation. 
• The interrogation cell s are distOlted in the second image uSing the vectors 
generated in the previous pass, effecti vely moving and skewing the interrogation 
window in the second frame in the local flow direction in order to improve the 
correlation and reject correlated noise or random chance correlation with 
unre lated areas of seeding. 
• 50% overlap is used on the final cells because it allows for a fi ner resolution 
without reducing the ce ll size (discussed in the next section). It also means that 
the data in the images is all used twice - the reason for thi s is discussed below. 
In practi ce, settings were determined by experience and by inspecting the vector fi elds 
for obviously inconsistent vectors. Two passes were executed at the ini tial window size 
of 128x l 28 pixels, and the window size was then halved, and the process repeated, 
down to a final window size of 32x32 pixels, with 50% overlap for the final two passes. 
Although the experimental parameters are carefully chosen and the image quality is the 
best possible, the vector fi eld that is produced often has a very small number of 
inconsistent vectors. These vectors can be removed and rep laced using a median filter, 
which tests each vector against its neighbours for consistency. Parameters are chosen 
based on experi ence, and vectors can be checked against the visible particle 
displacement between the ori ginal image pairs to give add itional confidence. If a vector 
is di scarded because it is obviously incorrect, fo r example, a single iso lated vector of 
70m/s with direction left to right in a freestream region where the flow is moving at 
20m/s from right to left, then it can often be replaced by using the vector calcul ated 
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from the second, third or fourth highest correlation peak in the map, which are also then 
checked by the median filter. The choice of correlation peak is recorded with each 
vector. Vectors are also discarded based on the Q ratio, which is the ratio of the first 
correlation peak in the interrogation window to the second correlation peak. A very low 
Q ratio, for example less than 1.3, indicates a high noise floor. If a vector is discarded 
based on Q ratio, the likely cause is usually a small hole in the seeding field , which can 
be established by visual examination of the source images. Because of the overlap, it is 
considered legitimate practice to fill discarded vectors by interpolation, if there are 
sufficient surrounding consistent vectors, although this was not done in this 
investigation, and very few vectors were rejected based on Q ratio. In practice it was 
possible to achieve 98-99.9% first choice vectors, meaning that the quality of the 
images is very good. Further information on the PIV image processing parameters can 
be found in the LaVision product manuals [45]. 
4.2 Sources of error 
Hollis [46] states that care must be taken when choosing experimental parameters. The 
seeding system must be carefully chosen. PIV is sensitive to both particle density and 
particle size. The particles must be small enough to be carried along by the air at the 
same speed, but large enough to show up as more than one pixel on the chosen camera. 
The size of the reflection from the particles then determines the largest achievable field 
of view. This is because the correlation uses a Gaussian curve fit to establish the 
location of the particle, and in order to do this accurately, each particle should be 
between 2 and 6 pixels on the image. If the particles are too small, then the velocities 
calculated tend towards integer pixel values, which is termed peak lock. This can be 
checked for by analysing the velocities as pixel displacements in a mod.! number 
system (which essentially only shows the value after the decimal place). Figure 65 
shows a sample PDF from one processed PIV image pair taken at 15m1s. Peak locking 
would be shown by a U shaped histogram, which clearly is not the case here. Instead 
the data is well spread across the range, indicating that the particles are sufficiently 
large. It is possible [45] to calculate the degree of peak lock by calculating the average 
centre of mass of the velocities (Dmass): 
_ Umodl 
U = 
ma" I- U modI 
(if U modI < 0.5) 
(if U modI> 0.5) 
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Equation 7 
Peak lock = 4 * (.25 - U",a" ) Equation 8 
In the example, the degree of peak lock ing is 0.027, which is much less than the 
estimated degree o f acc uracy of fi nding the centre of a partic le, quoted as 0.1 pixels in 
the LaV ision manual [45]. This is the normall y quoted noise noor of the technique, so 
that provided the peak locking remains at or be low O. I, it can be sa id not to contribute 
signi fi cantly to the error. 
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T he inter-frame time, combined with the speed of the now, effectively determi nes the 
di spl ace ment o f the particl es. There are a number of confli cting constra ints on the idea l 
va lue of pixe l displace ment. The relati ve error on the ve loc ity is determined by pixe l 
di splace ment because the positional accuracy is calculated with a typ ica l tolerance of 
±O. I pixe ls [45]. However, in order to achieve a good corre lation, Keane and Adria n 
[47] state that the displacement magni tude of each partic le group, ie. withi n one 
inte rrogation cell , should be less than 1. of the ce ll size. Increasing the pixe l 
d isplacement also has the effect of smoothing the now, by dynamicall y averaging the 
d isplacement. Since in thi s ex peri ment one 32x32 pixel block is 7mm by 7ml11 , and so 
with a 50% overlap each vector represents 3.5mm by 3.5mm of the nowfie ld, the 
spatia l averaging due to the desired frame size means that it is not possible to resolve 
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down to the Kolmogorov scales (likely in this type of flow to be sub-millimetre), and so 
accurate measurement of the turbulence intensity is not possible. 
The objective here is to provide data that sheds light on the balance results by means of 
producing accurate vector maps of the flow around the radius, to show vortex shedding 
and l'ecirculations, and for this reason accurate turbulence measurement will not be 
pursued, and spatial averaging will be accepted as an inevitable limitation of the 
technique. Further investigation of the state of the near model freestream and boundary 
layer, using a longer focal length lens, could be carried out as a follow-up to this work 
and would provide valuable insight into the effect of the model on the freestream 
turbulence, and the effect of freestream turbulence on the size of the boundary layer, but 
this would be a complex and time consuming experiment in its own right. 
Since this experiment involves changing the Reynolds number by changing the wind 
speed, the inter-frame time was optimised for each tunnel velocity individually, and 
varied between 60-21~s for l 5-45m1s respectively, with the aim at each speed being an 
r.m.s. pixel displacement of 6 pixels and a maximum of 8. For an example flowfie ld 
with a freestream velocity where 6 pixels equates to 22m1s, the error due to the 
uncertainty in locating the centre of a particle is 0. 1 pixels, or 0.369m1s. 
4.2.1 Statistical errors in mean and r.m .s vector fields 
At each measurement point, 1000 images were recorded at 4.5Hz, and an average and 
r.m.S. vector field produced. The statistical accuracy of calculated mean and r.m.s. 
values can be determined using standard error estimation techniques, e.g. Montgomery 
and Runger [48]. 
Equation 9 
where Eu is the actual error in U, Eu ' is the actual error in the r.m.s, z is a 
constant related to the confidence interval and cr is the standard deviation (r.m.s.) 
The statistical percentage error in U is EU/U (which is problematic for an image with 
significant variation in velocity), and in the r.m.s. velocity it is Eu'/cr (which means that 
the percentage error in r.m.S. velocity is independent of the value of the r.m.S. and only 
depends on the sample size) . For 99% confidence, z = 2.576, and so for example, the 
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actual en"Or in U over 1000 samples, at 22m/s in 5.1 % turbulence, is 0.091 m/so For the 
example freestream at 22m/s, the total error (including the uncertainty in particle centre 
location above) in the average veloc ity is therefore 0.3799m/s, with 99% confidence 
(from I-Iolli s' s method [46]). It is clear that in thi s case, the main source of error is in 
the ability of the PIV algorithm to determine an accurate fit to the data. 
The r.m.s values in the region above the separated shear layer (see the results section) 
are much higher, and so the local error due to a lack of statistical convergence will be 
greater - if the r.m.s. is 10m/s, as it is in some separated regions, the error in the local 
mean is 0.8m/s, and the total error is 0.88m/s. The mean wind speed also varies 
throughout the tlowfield, and so it is not very useful to calculate a single percentage 
error for U. 
As indicated above, the error in the r.m.s itself is easier to calculate as a percentage, and 
for any of the average tlowfields it will be 5.76%, with a total error of5.99%. However, 
these estimates of the error do not take into account the spatial averaging that occurs 
due to having several partic les in the same interrogation window, and so the actual error 
will be less (Hollis [46]). The above quoted errors are therefore the worst case. 
4.3 PIV experimental setup 
The experimental setup is shown in Figure 63, but it omits one important part of the 
system, which is the seeding system. For the Loughborough model tunnel , a 
commercia lly ava ilable seeding system based on atomising olive oi l using a Laski n 
nozzle was selected. The particles produced are around I ~lm in diameter. A seeding 
rake was then devised that distributes the olive oil particles in the tunnel settling 
chamber over a large enough vo lume that they fi ll any plane of interest chosen on the 
side of the model nearest the laser. The wake of the seeding rake causes streakiness in 
the seeding, in the clean tunnel (seen in Figure 64). The vortical structures visible in the 
seeding are stationary by the time they have passed through the settling chamber and 
the contraction and reached the model. The seeding density is sufficient to give good 
quality results despite this minor problem, which is typical of seeding for PIV in air. 
One useful side effect of installing the turbulence generating grids is that the seeding 
quality becomes excellent, because the streakiness is broken up complete ly by the 
turbulence and the seeding appears as a field of di screte and uniformly distributed 
particles. 
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The laser used is a dual pulsed Nd:YAG laser, producing SOmJ oflight energy per laser 
pulse and operating at a maximum of ISHz. In practice, because the maximum 
operating speed of the camera is 4.SHz, the laser is set to operate at 9Hz to ensure 
image pairs are taken as quickly as possible. The experiment was set up so that the laser 
could always be operated at its maximum power setting, thus ensuring the brightest 
possible images of the seeding particles. 
The camera is a 12-bit per pixel, 1.3 megapixel (1376 x 1040) device, that can take 2 
frames in very close succession (down to approx. SJ.lS separation is possible). The firing 
of the laser and camera is synchronised by a timing unit in the data acquisition 
computer. Once one pair of images is taken, it is transferred from the camera to the 
RAM of the computer. Due to a limitation of Windows 2000, the computer is capable 
of grabbing 2Gb of images at a time. The images are compressed on the fly , which 
means that 334 image pairs can be taken at one go. For each measurement point (a 
particular radius in a particular turbulence intensity at a particular wind speed) 1002 
image pairs were recorded. The images are then transferred to disk, and a pre-taken 
background image (with the laser but without the seeding) subtracted from each, and 
then more data can be taken. In this application, a 3Smrn lens was used, because this 
gave a sufficiently large field of view to be able to see the area of interest in one image, 
but avoided peak locking. A bandpass filter is used on the front of the lens that only 
permits light with a wavelength of 335nm ±Snm to pass through. 
Since the area of principle interest is the flow around the leading edge radius, the laser 
was aimed at the mid-height of the model on the side (as shown in Figure I) . Using this 
configuration gave such strong scatter from the side of the model that, if the laser power 
had been turned up high enough to get good quality images of the seeding, damage to 
the camera would have occurred. In order to avoid this, several solutions were tried, 
including rhodamine (which absorbs green light and fluoresces orange, which should be 
rejected by the filter)), mirror finish paper to reduce diffuse reflection, and rolling the 
model over towards the laser to angle the reflections away from the camera. None were 
fully successful, and so it was decided to bolt a thin metal plate to the top of the model , 
which extended a few millimetres out to the side, to completely screen the reflection 
and approx. 2mrn of the freestream from the camera's view. These plates had to extend 
forward to cover the radius, but did not follow the curve of the model, and therefore 
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will have introduced some additional complex flows. However, the plate is relat ively 
far from the measurement plane at the mid model position, and therefo re it is assumed 
that the important flow features of separation and reattac hment will not be altered. 
The laser sheet extends from just in front of the lead ing edge of the model to a point 
approximate ly 300nu11 fro m the leadi ng edge. The laser sheet has a Gaussian power 
di stribution, so it is diffic ult to see exactly w here it stops, but by experimentation it was 
positioned so that the fi eld of view shows the area fro m approx imately 40nun in front 
of the model to 250nm1 ii'om the front, along the left hand side of the model. The laser 
does not cover the whole fi eld of view on the top side, away fro m the model, or at the 
fa r ri ght edge (upstream) and so some areas are masked off, to prevent the PlY 
a lgorithm trying to create vectors out of co rre lated noise. The image is then 290 l11m 
wide (with the freestream fl ow running ti'om ri ght to left) and 220mm "high" , 
overl apping the edge of the model by a bit more than 20mm to show the end of the 
lead ing edge radius. 
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Figure 66 Example raw image showing the 30mm front at 15m/s in 1.45% turbulence, frame 1 
A typical image showing the whole fi eld of interest is shown in Figure 66. The flow is 
fro m right to left , and the dark area at the bottom is the model. As previously noted, this 
image, with the 1.45% turbulence grid, has much better quali ty seeding than the c lean 
tunnel Images (a lthough both are suffic ient to get high quali ty vectors) . The co lour 
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coding corresponds to the brightness levels recorded by the camera (out of a maximum 
of 4096 levels). 
The image pairs were then post-processed using the parameters previously described to 
generate instantaneous velocity fields, and for each measurement point (a particular 
radius at a particular windspeed) average and r.m.S. vector fields were calculated using 
all 1002 image pairs. 
4.4 Flow visualisation results 
It is clearly impossible to reproduce the PIV results in detail here. There are far too 
many instantaneous velocity fields, and even too many average velocity fie lds to show 
all of them, since the images must be large to be of any use. As few results as possible 
are presented here to demonstrate the points being made, and to simplifY the images, the 
vector resolution is reduced to show fewer vectors. This second step allows for longer, 
clearer arrows, but can make detailed flow features more difficult to identifY. The 
degree of reduction is indicated in the figure caption. 
The explanations made for the balance results will be examined using the PIV results, 
firstly by looking at sample individual vector fields, where the unsteadiness in the flow 
can be seen and compared between different Reynolds numbers and turbulence 
intensities, and then by examining the time averaged vectors, with the r.m.s. values 
displayed as a background to the image, which show the time-averaged structures in the 
flow-field that determine the time-averaged forces on the model. 
4.4.1 Instantaneous flow fields 
Several sets of instantaneous flow fields have been chosen to illustrate typical flowfie ld 
characteristics as Reynolds number and turbulence intensity varies. In all cases the 
measurements are presented for the 30mm radius . 
In the clean tunnel at low Reynolds number a large separation bubble is seen. The 
following three sequential images show typical instantaneous flow fie lds for the clean 
tunnel at ISm/s. The images have been zoomed and cropped to show only the area of 
interest, with the freestream running from right to left and the side of the model at the 
bottom ofthe image (the black shape). 
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Figure 67 30mm front section, clean tunnel, 15m/s frame 152 (ha lf horizontal resolution) 
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Figure 68 30mm front section , c lean tunnel , 15m/s frame 153 (half horizontal resolution) 
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Figure 69 30mm front section , c lean tunnel , 15m/s frame 154 (half horizonta l resolution) 
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The vortices spinning off the radius can be clearly identified, and it can be seen that the 
shear layer is moved around by these vortices. The separated recirculating region near 
the model wall can also be seen. Because the frame rate is relatively slow at 4.5Hz, it is 
not possible to identify the same structures in consecutive frames, as an individual 
vortex of around 40mrn diameter driven by the shear layer moves a considerab le 
di stance in 0.222s. For example, in Figure 67 the ve locities inside the vortices would 
imply that a small vo lume of air in this region might move between 1.5 - 2.5m between 
. . Image pairs. 
The vortices can be seen to extend all the way to the wall in some areas, depending on 
the locations of the centres of the vortices in each frame. In each frame there are 
undisturbed regions of reversed flow, some larger than others. In the time-averaged 
flow-fields in the next section, a clearly delineated and identifiable separation region is 
seen, but in the instantaneous fields it is an unsteady region of separated flow 
contain ing regions with velocities in both upstream and downstream directions and high 
vo rticily . These frames are representative of the data set at 15rn!s, but there is the 
occasional frame where the separation bubble collapses, which occurs in about 3 or 4 
frames in the set of 100 I. An example is shown in Figure 70. 
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Figure 70 30mm front section, c lean tunnel, 15m/s frame 157 (half horizontal resolution) 
In this figure there is a separation region that begins near the end of the radius at x=60, 
with a small vortex-like structure. Downstream at x=-50 there is another di stinct vortex, 
and then just downstream the flow becomes reattached, with flow entrained into the 
boundary layer at close to the freestream velocity and an isolated patch of vorticity 
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being transported away from the side of the model. This co ll apse of the separation 
bubble , where the fl ow becomes reattached briefly, is relative ly infrequent in the clean 
tunnel but seen to occur at all speeds up until the separation bubble disappears at 40m/s. 
It is typical of the unsteady aerodynamics around a bluff body, even in very low 
turbulent flow. 
An example instantaneous flowfie ld at 40m/s IS shown III Figure 71. There IS no 
separation at all at this speed. 
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Figure 71 30mm front section, clean tunnel, 40m/s frame 120 (half horizontal resolution) 
When the freestream turbulence intensity is raised to 1.38%, the separat ion bubble at 
1 Sm/s becomes more unstable. In some frames (e.g. Figure 72) there are clear, distinct 
vortex structures, with strong reverse flow against the wall of the model towards the 
separation point. One frame later (Figure 73) the vortices have become less distinct and 
there is a strong flow back towards the model in the left of the frame, pulling the flow 
back and causing it to reattach. The flow near the wa ll is entirely disturbed by the 
unsteadiness in the separated region . In the next frame , the shear layer has moved much 
closer to the model, with a delayed separat ion point about 30mm further downstream 
than in the previous frames, and much thinner but longer separated region (Figure 74). 
There are a couple of small vortices that can be identified. The separated region IS 
high ly disturbed and the reversed velocity near the wall at x=-20 to -120 is low. 
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Figure 72 30mm front section, 1.38% turbulence, 15m/s frame 52 (half horizontal resolution) 
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Figure 74 30mm front section, 1.38% turbulence, 15m/s frame 54 (half horizontal resolution) 
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Figure 75 30mm front section, 1.38% turbulence, 15m/s frame 55 (half horizontal resolution) 
The next ii'ame in the sequence is Figure 75. The flow in this frame is fully attached 
around the radius but shows evidence that it was separated - there is a region of low 
ve locity where the flow appears as a thick boundary layer, all moving in the same 
direction but much slower than the freestream. At this leve l of turbulence, the flow is 
usually separated and showing the characteristics of Figure 72 and Figure 73. It is 
difficult to be precise, but it is est imated that the conditions in Figure 75 occur in about 
25% of the recorded frames. 
Increasing the turbulence intensity to 3.4% increased the instability fUlther. An 
inlermittent separation exists in some frames, but in the majority of vector fields the 
flow is attached but wi th a thick unsteady region where vorti ces roll down the side of 
the model. The fo llowing three figures show a typical sequence. Figure 76 shows the 
flow separating at around x=70 as it did before. A number of strong vorti ces can be 
seen along with a body of flow that is returning up the side of the model and entraining 
into the shear layer at x=50, y = 30. The fluctuation in the freestream ve loc ities due to 
the superimposed turbulence can also be seen. In the next frame (Figure 77) the 
separation point is the same but there is no clear rec irculation vo lume and the unsteady 
region is much thinner. There are several vortices visible and some reversed flow at the 
model wa ll associated with the structures in the shear layer. Figure 78 shows the next 
frame. There is still a thick boundary layer visible with two weak vortical structures 
near the wa ll. There is no clear separation at the radius at all in this frame. 
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Figure 76 30mm front section, 3.4% turbulence, 15m/s frame 777 (half horizontal resolution) 
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Figure 77 30mm front section, 3,4% turbulence, 15m/s frame 778 (half horizontal resolution) 
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Figure 78 30mm front section, 3.4% turbulence, 15m/s frame 779 (half horizontal resolution) 
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The effec t of the freestream turbulence is to collapse the separation bubble. When they 
are present, the vo rtices are clearl y stronger when the freestream turbulence intensity is 
raised. It appears in the results that the additional freestream turbulence strongly affects 
the boundary layer or the free shear layer, as was shown by Hillier and Chen y [18], 
acting to increase the unsteadiness in the separated region. Bradshaw [40] stated that the 
interaction between frees tream turbulence and a boundary layer on a flat plate is 
strongest when the eddy size in the freestream turbulence matches the thickness of the 
boundaty layer. Here, where there are period ica ll y shed vortices, it cou ld be expected 
that the interaction is strongest when the local eddy size matches the vortex size. The 
integral length scales of the freest ream turbulence of 15-37mm are similar to the vortex 
sizes seen in the images. When th is happens, combined with a suffi ciently high 
turbulence intensi ty, it is the likely cause of the co llapse of the separation bubble, as the 
reinforced vortex draws more energetic flow across the shear layer. 
4.4.2 Reynolds number effects 
In Section 3.2, Figure 13 was used to indicate the presence of2 di stinct flow patterns; a 
separated flow with a high drag coeffic ient, termed pre-critical, and a fully attached, 
low drag coefficient flow pattern, termed post-critical. The 40rnrn front section was 
used in the figure , because, due to loading constraints on the balance, the 30mm front 
section did not undergo transition. For the PlY results, however, the model was bolted 
to the tunnel fl oor, and so it was possible to run the 30mm radius at the highest tunnel 
speed, and the flow did undergo transition, as seen in the following figures. The 40mm 
front section follows the same pattern, but the 30mm held the pre-critical flow up to 
higher Reynolds numbers - and also with a turbulent freestream - and is therefore more 
interesting. 
The figures in this section are averages of 1000 vector fi elds at 4.5Hz. Figure 79 shows 
a big separation bubble on the radius, as expected. It is not possible to see the 
reattachment point, but the shear layer is clearly curving back in towat'ds the model to 
the left of x=-80. The highest r.m.s. velocities me in the shem laye r, where it was shown 
in the previous section that there is significant vo rtex shedding from the radius. Since 
there is some kind of periodici ty to this shedding, the r.m .S. component here could be 
considered a mixture of turbulence and structured unsteady flow, rather than pure 
random turbulent eddies. 
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Figure 79 30mm front section in 15m/s fl ow, c lean tun nel (half horizonta l resolution) (Re, = 30,000) 
Slightly increasing the tunnel speed to 20mls gives the flowfield shown in Figure 80" 
Again, as expected, there is a separation bubble, of slightly smaller width (35mm 
instead of 40mm at its widest extent), and clearly shorter with the shear layer much 
closer to the model as it leaves the fi eld of view" 
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Figure 80 30mm front section in 20m /s fl ow, c lean tunnel (half horizontal resolut ion) (Re, = 41 ,000) 
As the Reynolds number is increased, the separation bubble continues to shorten, with 
the reattachment point appearing in the field of view, but does not get significantly 
narrower - the widest point moves upstream but remains at around 35mm from the side 
of the modeL The separation bubble sti ll persists at 35m1s, as shown in Figure 81 , with 
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streamlines drawn in the background instead of r.m.S. ve loc ities. The highest veloc ity 
reached with the balance was 37.5 m/s, where the drag coeffi c ient was still approx. 0.67. 
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Figure 81 30mm front section in 35m /s fl ow, cl ean tunnel (quarter horizontal and half ve rtical 
resolution) (Re, = 72,000) 
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Figure 82 30mm front section in 40m/s fl ow , clean tunnel (quarter horizontal and half vertical 
resolution) (Re, = 82,000) 
Figure 82 shows that at 40m/s, the separation bubble has co ll apsed and the fl ow is fu lly 
attac hed, as shown in the prev ious section. This did not occur in the pressure 
distribution tests, but it is already known that the critical region shows poor 
repeatability compared to full y pre-crit ical or post-critical Reynolds numbers. To 
compare aga inst a rad ius which did show fu ll y post-cri tical behaviour at th is speed In 
the previous chapter, with a dmg coeffi cient of 0.37, the 40mm radius is shown 111 
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Figure 83. The small blob of high r.m.s velocity at x=-35, y= 25 is caused by a piece of 
tape on the tunnel floor, which even subtracting the background image from the images 
before processing them could not cure. It is clear from these results, and the previous 
research of Cooper [4] and others, that the drag coefficient is largely controlled by this 
separation region (with separation bubbles over the front quarter of the model length at 
low Reynolds numbers). It is known that increasing the Reynolds number causes the 
boundary layer to transition over a shorter length from the stagnation point on the front 
of the model , and it is assumed, based on previous research by Hoerner [5] and others, 
that this is the reason for the collapse of the bubble. 
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It is difficult to determine the state of the separated shear layer from the time-averaged 
PIV results, because, as was seen in the previous section, there is vortex shedding and 
flapping in the shear layer as it comes off the leading edge radius. Given that the width 
of the separation bubble does not change much between 20m/s and 35m/s, it is 
suggested that the increased momentum of the flow being entrained into the shear layer 
is the controlling factor over the separation length, and the effect of Reynolds number 
on the boundary layer then causes the separation bubble to collapse when the transition 
point moves upstream of the end of the radius. 
4.4.3 Freestream turbulence effects 
The individual frames in Section 4.4.1 showed that add itional turbulence had a strong 
effect on the flow around the radius where there were large separation regions. In order 
to examine the effect of turbulence on the time averaged flowfield , the flow around the 
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300101 radius will be examined, starting with Figure 84 showing the results in 1. 38% 
turbulence, at 15m/s . Comparing thi s fi gure with Figure 79 shows that the separation 
bubble has been significantl y reduced in size, with the separated shear layer now 20mm 
from the model and the reattac hment point , which is not velY clear in thi s image, at 
approx imate ly x=-II Omm . The reduction in the separation length was expected from 
the pressure results in Section 3.4.1. The peak r.m .s. veloc ity has also increased from 
8.9m/s to 11 .7m/s. It is useful to note that the freestream ve locity in the U direction , in 
the very top le ft hand corner of the uncropped vector fie ld is almost identi cal for the 
first turbulence gri d, at 17.1 m/s, and the clean tunnel case, where it was 17.4m/s. This 
gives additiona l confidence in the procedure of setting the reference ve loc ity using a 
pitot tube upstream of the turbulence grid . 
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Figure 84 30mm front section in 15m/s flow, 1.38% turbulence 
In the ba lance results, it was o ften seen that the second turbulence grid , at 1.45%, 
produced higher drag coeffi cients than the first turbulence grid . Figure 85 shows that 
the separation bubble was bigger for thi s turbulence level, with the separated shear laye r 
at a maximum o f 35mm fro m the model as it was at higher Reynolds num ber in the 
clean tunnel case, and the reattac hment po int out of the ti eld of view. The peak r.m .S 
ve locity o f 9.0m/s is barely raised above that of the clean tunnel case. The reason why 
thi s g rid produces turbulence that has less e ffect than woul d be pred icted is still unc lea r. 
The results fo r 1.38% and 1.45% turbulence for the 40mm front at the same speed, 
which show ev idence of intermittent separati on and a very th ick time ave raged 
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boundary layer, are almost indistinguishable, with a maximum difference between 
velocity vectors of around I m/s in the recirculation region. 
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Fi gure 85 30mm front secti on in 15m/s fl ow, 1.45% turbulence 
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Figure 86 30mm front section in 15m/s flow, 3.41 % turbulence 
When the turbulence intensity is raised to 3.4 1 % as shown in Figure 86, the 30mm 
radius also has evidence of only intermittent separation, with high r.m.s. values of up to 
9.7m/s in the time averaged boundary layer. The drag results in Figure 25 indicate that 
the time averaged drag coefficient is just pre-critical at this speed, and the PlV results 
support this - the flow is neither smooth nor fully attached. 
The results in Figure 26 for the 30mm front section with 5.13% turbulence show that 
the ISm/s case fa lls right in the middle of the critical region, between the high Co pre-
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cri tical results and low CD post-critica l results - which means that it is like ly to di splay 
an intermittent separation. The time averaged fl owfl eld for the 30 l11m radius in 5.1 3% 
turbulence (F igure 87) shows a similar result to the 3.41 % grid, but with a smaller 
region of high I".m.S. velocities, and a lower peak I". m.s. val ue of 7.3m/s. The high r. m.s 
va lues are evidence of the ex pected interm ittent separation, and the tlowfi eld still does 
not show the full y attached charac teri stic of the high Reynolds nUl11ber clean tunnel 
results in Figure 83 . 
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Figure 87 30mm front section in 15m/s flow, 5.13% tu rbulence 
As was indica ted by the instantaneous flo w fi elds, the time averaged results show that 
increasing the turbulence level increases the unsteadiness in the free shear layer, leading 
to up to a 30% increase in r.m .s. ve loc ities for the lowest turbul ence level. As the 
turbul ence intens ity ri ses, the instab ility in the separation region becomes greater, 
leading to small er separation bubbles in the time-averaged fl owfields, and 
correspondingly lower peak r.m .s. values (but still higher than in the clean tunnel, up to 
and including in the 3.41 % case). The additional turbulence is adding significantl y more 
energy into the separated shear layer, causing earlier reattachment and ultimately 
forcing the fl ow to undergo transition at the hi ghest turbulence leve l, in termittently at 
15m/s for the 30ml11 , but fully for the 40mm radius and for the 30111111 at higher 
Reynolds numbers. 
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4.5 Summary 
• The PIV results showed that the I-box model is sufficiently long that there is 
separation and reattachment along the side of the model at low Reynolds 
numbers. As the Reynolds number increased, the separation bubble became 
shorter, and at a sufficiently high Reynolds number the separation bubble 
collapsed and the flow became fully attached around the radius, for both the 
30mm and 40mm front radii . This confirmed the general analysis put forward in 
Section 3.2.1 where the flowfield was described as having a pre-critical phase 
with separation and reattachment, a short critical region where the separation 
bubble collapsed, and a post-critical region with fully attached flow around the 
radius. 
• In the instantaneous results for the clean tunnel, it was seen that there is a 
significant amount of vortex shedding from the point of separation, which 
occurred at the end of the radius. There was some evidence of unsteadiness even 
at low Reynolds numbers, but the vast majority of the frames recorded a 
relatively stable separation bubble with recirculating flow at the model surface 
and vortices in the shear layer. 
• Increasing the freestream turbulence caused the unsteadiness to increase, and 
frames where the flow had become attached around the radius were more 
frequent. The vortices more often reached the wall of the model causing 
increased unsteadiness and interrupting the reversed flow. Further increases in 
turbulence intensity caused more flapping of the free shear layer and its 
intermittent collapse. 
• The time averaged results with increased turbulence also showed increased 
unsteadiness in the separated region, with up to 30% increases in the r.m.s 
velocities. The time-averaged separation bubble was seen to get shorter, acting 
to reduce the pressure recovery length (Section 3.4.1 ). 
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Chapter 5 
Edge radius optimisation with 
different models 
11 5 
This chapter describes the extended edge radius tests that were carried out with a 2-box 
mode l at model scale, and the MlRA reference vehicle at full scale. The 2-box model 
results extend the research in the Loughborough model sca le tunnel to a more 
representative vehicle . This model is used to investi gate the effect of raised freestream 
turbulence on the optimisation of leading edge radius in the presence of a pressu re 
gradient on the bonnet. The M1RA reference model is used to validate the effect of 
turbulence on transcritical Reynolds number based on edge radius, using the turbulence 
grid technique in the MlRA full scale tunnel, against the I-box and 2-box results at 
mode l scale . 
5.1 2-box model 
5.1.1 Model details and test method 
The 2-box model has the sal11e width as the I-box 1110de l in order to reuse the top hal f of 
the front sections, but uses a shorter roofline and longer body more typica l of a modern 
SUV . These decisions set the scale at \:5 . The model detai ls are given in Table 9. 
Length L 
Width W 
Height H 
Front cross-sectional area A 
2-box 
960111111 
390111111 
320111111 
0. 1248m2 
4 .99% Blockage ratio 
Front edge radii 1 Omm - IOOmm in 10mm steps 
Table 9 Detai ls of 2·box model sizing 
Figu re 88 2·box 
11 6 
Figure 88 shows the 2-box model in the Loughborough wind tunnel, and Figure 89 is a 
detailed drawing of the model with dimensions. The test method for the 2-box model 
was the same as for the I-box, but no data was captured for the model at yaw, as little 
value was seen in fo llowing up the results for the I-box where the transcritical 
Reynolds number was insensitive to yaw. 
'" ~ , 1 I I 
I 
I 
1 
I 
I 
1 
I 
/ - - I 
./ I 
" ,n 
<+" 
%142 
Figure 89 Dimensioned drawing of the 2-box model (40mm front secti on fitted) 
5.1.2 Clean tunnel drag results 
The drag results for the 2-box model are presented as CD against Reynolds number 
based on frontal area in Figure 90. In comparison with the results for the I-box model 
(Figure 11), the most obvious difference occurs for the largest radii . For the I-box 
model , the curves for the 80, 90 and 100mm radii smoothly curved towards the 
approximately constant post-critical drag coefficient, whereas they do not here. The 
transition for the 70mm radius is a lot sharper and the reduction in CD greater. The radii 
on the A-pillars and windscreen-roof edge (downstream of the front section) were set at 
70mrn to prevent significant separations, but it is possible that this transition region is 
partly due to those radii. The increased streamlining of the 2-box model gives lower 
drag coefficients throughout the range of Reynolds numbers tested, comparing like radii 
with the I-box model. 
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Figure 90 Variation in drag coefficient with Reynolds number based on frontal area for the 2-box 
model (edge rad ius as a parameter) 
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Figure 91 Variation in drag coefficient with Reynolds number based on edge radius for the 2-box 
model (edge radius as a parameter) 
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Figure 91 shows the drag results for the 2-box model plotted against Re,. The transition 
for the 90 and 100mm radii is slightly delayed, supporting the idea that the A-pillars 
may be causing some effect on CD, which would give a higher than expected 
transcritical Reynolds number. However, the delay is only by a small amount, and there 
is no obvious similar effect on the 80mm radius. There is a positive pressure gradient on 
the bonnet and the results indicate that this may cause the formation of a separation 
bubble which persists up to the critical Reynolds number even for the larger radii, and 
then collapses in a similar way to the separation bubbles on the smaller radii that were 
also apparent on the I-box model. 
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Figure 92 Va rialion of Iranscrilical Reynolds number wilh edge radius (model as a parameler) 
Figure 92 shows the results plotted as transcritical Reynolds number against radius, as 
they were for the I-box model with the transcritical Reynolds numbers based on the 
square root of frontal area on the right, and on edge radius on the left. The average 
transcritical Reynolds number based on edge radius for the 2-box model was calculated 
as 1.07* I 05 using the same method as before, which is almost exactly the same as the 
value of 1.08*105 for the I-box, and compares well with Cooper's[4] value of 1.30*105 
The results show that the 2-box model performs very similarly to the I -box model. The 
main difference was that a clearly identifiable transition region occurred for the biggest 
119 
radii as well as the 40, 50 and 60mm radii, probably due to a combination of bonnet to 
windscreen pressure gradient and changes in the flow around the A-pillar. The larger 
radii (80 - 100mm) still show the same constant Reynolds number based on edge 
radius, which indicates that the flow around the leading radii still dominates, and the A-
pillars are not thought to have a significant effect on the results. 
5.1.3 Drag results with increased freestream turbulence 
Figure 93 shows the variation in drag coefficient for the 2-box model with the 2nd 
turbulence grid installed. The curves are quite similar to the curves for the I-box model 
(Figure 33). For the larger radii (>40mm) the curves drop rapidly towards the low drag 
post-critical condition, without showing the pre-critical condition where the drag stays 
high. This implies that when the turbulence is added, above very low Reyno lds numbers 
there is no longer a separation bubble on the bonnet, because the increased turbulence 
provides a strong enough effect on the boundary layer to cause the flow to become 
attached above a Reynolds number (based on ;fA) of around 300,000. The 2-box shape 
responds to the addition of turbulence in exactly the same way as the I-box, so, for 
these types of simple shapes, the mechanisms that cause the different states - pre-
critical, transition, post-critical - are similar, and are caused by the same interactions 
with the boundary layer on each model. 
The average transcritical Reynolds numbers were calculated for the 2-box model using 
the method described above for the I-box results. The results are shown in Table 10 and 
are substantially the same in both cases, apart from the 3.41 % case, which is put down 
to errors in determining the transcritical Rcynolds number because the variation of Co 
with Reynolds number is smaller, and therefore the transcritical Reynolds number is 
harder to identify. 
Turbulence in tcnsi (%) 
0.2 
1.38 
1.45 
3.4 1 
5.13 
I-box model 
1.08 * 105 
0.54* 105 
0.56 * 105 
0.44 * 105 
0.41 * 105 
2-box model 
1.07 * 10' 
0.56' 105 
0.58 * 105 
0.29 * 105 
0.38 * 105 
Table 10 Com parison of t ranscrit ical Reynolds number for the 1-box and 2-box models 
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Figure 93 Variation in drag coefficient for the 2-box model with the 1.45% turbulence grid installed 
with Reynolds number based on frontal area (edge radius as a parameter) 
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5.2 Full scale model tests 
5.2.1 Model details and test procedure 
Tests were conducted in the MJ RA tunne l using the MIRA reference car with a 
modified front end. The MlRA mode l has a number of possible rear end geometries, but 
the estate car configuration was employed in order to be most similar to the model scale 
geometry. Wooden additions were used to reduce the radius on the leading edge of the 
bonnet fro m 152mm to between 25mm and 100mm. The additional pieces extended 
across the fro nt of the bOlmet to the extent of the single radius so as to avoid the 
complicati on of the corners where 3 rad ii meet. Reynolds sweeps from 9 to 36m/s were 
used to identify the Reynolds sensitivity of the smaller radii, hav ing previously 
establi shed that the baseline MlRA reference mode l was not very sensitive to Reynolds 
nu mbe r, in its estate car configuration. 
Figure 94 shows the model in the tunnel with one of the wooden edge radii 
modifications fitted and a detailed drawi ng of the MlRA model is shown in Figu re 95 
(the estate car configuration is labelled option C). 
Because the add iti onal pieces only cover the main leading radius on the top of the front 
of the model, there is a sharp edge at the e nds of each piece. An experiment where the 
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ends of the wooden rad ius piece were crudely faired into the corners of the model using 
shaped paper taped onto the ends found that it made no measurable difference to the 
results. Modify ing only one radius also means that there wi ll be significantly less 
variation in CD over the range of Reynolds numbers tested. 
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Figure 95 Dimensioned drawing of the MIRA reference model 
5.2.2 Clean tunnel drag results 
The aim of the full scale tests, as previously stated, is to show the appl icability of the 
techniques used at model scale. The reference vehicle used is designed to show very 
little separation. Since it has a bigger radius on the leading edges than any tested at 
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model scale , no Reynolds sensitive separation would be expected for the baseline 
MIRA reference mode l with 152mm leading edge radii. 
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Fi gure 96 Variation of Co with Reynolds number RA for the MIRA model, Tu=1.8% (edge radius as a 
pa rameter) 
Figure 96 shows the CD results for the MIRA refe rence vehicle in the clean tunnel 
(turbulence intensity 1.8%) for all radii against Reynolds number based on the square 
root o f frontal area. The smaller radii show some Reynolds sensitivity. The 42m01 and 
56mm front sections show a transition from higher drag to lower drag over a short 
Reynolds number range, and then a relatively constant post-critical drag coefticient, 
whilst the 25mm radius has a falling drag coefficient but does not undergo a full 
transition to the low constant value of the others. The overall variation of the drag 
coefficient at full sca le is much less than at model scale, but the change made is also 
much less significant, affecting only one lead ing edge of the car rather than three as for 
the models. The MlRA reference model is also a more complex geometry. On the 2-box 
model with the 30111111 radius on 3 leading edges, the CD fell from 0.47 to 0.3 3. On the 
MlRA mode l with the 25nun radius the CD fe ll from 0.39 to 0.34, and the post-critical 
CD was arOlU1d 0.33, which is approximately 2.3 times less variation in CD. Since the 
top radius is the longest, this is approximately as expected. In terms of transcritical 
Reynolds numbers and the characteristic sensitivity to Reynolds number shown by the 
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shape of the curves, these results are similar to the results for the 1.45% turbulence 
results at model scale (Figure 93). 
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Figure 97 Variat ion in Co with Reynolds number Re, for the MIRA model, TU=I .8% (edge rad ius as a 
parameter) 
When the results are replotted against Reynolds number based on edge radius (F igure 
97) there is a much clearer similarity with the model scale results at raised freestream 
turbulence (for example Figure 93). The level of turbulence in the MIRA tunnel was 
measured as 1.8%, which is slightly higher than the 2nd turbulence grid produced at 
model scale. The transcritical Reynolds number Ren"i' is calculated to be 0.52 * I 05, 
which compares well with the 2-box result of 0.58* I 05 at 1.45% turbulence. 
There is therefore a good level of confidence from the clean tunnel results that, as 
predicted, an individual edge radius, for example 70mm, has the same characteristic 
variation with Reynolds number mounted to the full scale model as the 70mm radius 
did on the I-box and 2-box models in the model scale tunnel. 
5.2.3 Results with increased freestream turbulence 
The model scale results showed that the largest effects were seen when the turbulence 
was increased from the initial very low leve l. At full scale the lowest level is relative ly 
high at 1.8%, and the full scale grids produce turbulence intensities of 3.4% and 4.3%. 
It is therefore expected that the changes that occur wi ll be less pronounced, but that 
significant effects will be possible. 
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Figure 98 Va riation of Co with Reynolds number Re, for the MIRA model . Tu=3.4% (edge radius as a 
parameter) 
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Figure 99 Variation of Co with Reynolds number Rer for the MIRA model , Tu=4.3% (edge radius as a 
paramete r) 
Figure 98 and Figure 99 show the results for the 3.4% grid and 4.3% grid respectively. 
As expected from the model sca le results, there is some reduction in the transcritical 
Reynolds number, but it is a re latively small change compared to Figure 97. There is a 
problem of lower reso lution of the data, because the fldl sca le tunne l can on ly be 
operated at seven di stinct speeds. This makes accurate identi fication of Re,,,;, more 
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difficult. Ignoring the two largest radii, which do not show a convincing transition 
region (on ly the lowest point, where the tunnel speed is at its least stable, is at all higher 
than the others), Figure 98 shows a very tight group of trancritical Reynolds numbers 
for the various radii , while the spread is larger for Figure 99. 
The transcritical Reynolds numbers were extracted from this data uSll1g the same 
method as previously described, and the results are plotted in Figure 100. This figure 
shows the results for both model scale vehic les and the MlRA reference model , and it is 
clear that they all fall on the same curve. A best fit is plotted for a ll the data using the fit 
Rertcrit=6.4 * 105*Tu-033 This is almost exactly the same as the fit to the I-box data 
alone, which was found to be Rertcrit=6.4*105*Tu-032 in Section 3.2.3. 
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Figure 100 Variation in average transeritieal Reynolds number with turbulence intensity for all 
three models (error bars show ±1s.d.) 
As was seen for the I-box model alone, Figure 100 shows that the biggest change in 
transcritical Reynolds number at model scale occurs between the clean tunnel result and 
the first two turbulence grids. This means that finding any difference between one 
turbulence case and another in the full scale tunnel is more difficult. However, this 
result has implications for the comparison of data recorded in different tunnels, where 
the turbulence intensities are dramatically different. The MIRA tunnel also appears to 
offer, in its standard configuration, a turbulence environment that would produce results 
127 
less sensiti ve to typical variation in on-road turbulence intensity than would be the case 
in a tunnel with very low turbul ence - which is normally considered to be the idea l 
scenano. 
It is worth noting that only 5 of the 7 radii tested at full scale showed convincing 
transcriti cal Reynolds number, and it is suggested that a useful extension to thi s work 
would be to increase the number of radii tested in the range that do go through the 
transcriti cal Reynolds number withi n the speed range available in the MlRA tunnel. 
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Figure 101 Variation of Co with Reynolds number for the 42mm front rad ius at full sca le 
The three full scal e turbul ence leve ls are compared in Figure 10 1 fo r the 42mm li'ont 
secti on onl y. [n a similar manner to the model scale results, the Co va lues for rai sed 
leve ls of freestream turbul e nce drop below the clean tun ne l res ul t, and then cross over 
and remain hi gher by up to 12 counts . The post-criti cal CD is hi gher fo r the 3.4% grid 
than the 4.3% gri d. This result was repeated in every test made at full scale, and the 
magnitude o f the di fference is signi fi cantly larger than the correction for the reference 
ve locity, giving some confidence that it is a real effect. 
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5.2.5 Clean tunnel lift results 
In the fu ll scale tunnel there were some subtle differences in the results, compared to 
the I -box and 2-box results. The first of these was that the overall lift results (Figure 
102) had a more obvious divide between pre-critical and post-critical flows than at 
model scale . 
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Figure 102 Variation of lift coefficient with Reynolds number based on edge rad ius for the fu ll sca le 
model (edge rad ius as a parameter) 
At model scale the overall lift coefficient varied significantly between front sections at 
high Reynolds numbers, but on the MIRA reference car this is not the case - the fina l 
lift coefficient for each radius is broadly similar, and the trends are also quite close. 
There is a much clearer distinction between the critical and post-critical regions in this 
figure compared with Figure 37. It is sti ll of value to split the lift between front and 
rear, as shown in Figure 103 and Figure 104. 
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Figure 103 Variation in front lift coeffici ent with Reynolds number at fu ll scale (edge rad ius as a 
parameter) 
The variati on in fro nt lift is much sma ller than it was at mode l scale, as wo uld be 
expected, ove r a generally hi gher Reynolds number range. The fina l tre nd in post-
critical front li ft is slightly positive, where in Figure 38 it was sli ghtl y negative. 
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Figure 104 Va riation in rear lift coefficient with Reynolds number at fu ll scale (edge radius as a 
parameter) 
The vari a tion in rear li ft is also small er than it was at mode l sca le. The post-cri tical li ft 
has a slight negat ive trend, as it does in Figure 39, and the values are lower than they 
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were at model scale, which is probably due to the presence of the diffuser on the MlRA 
reference car. The fact that both front and rear lift vary only slightly and in opposite 
directions at full scale is probably the main driver for the relative stabi lity of the overall 
lift coefficient at higher Reynolds numbers. 
5.2.6 Effect of increased freestream turbulence on lift 
The front and rear lift results at full scale are shown in Figure 105 for the 42mm radius 
only. They follow the same general trend as the model scale results in Section 3.3. The 
effects on front and rear lift seem similar to each other, as they did before. The rear lift 
is not so dramatically affected as to suggest that the diffuser performance was 
significantly changed by the addition of turbulence (for the specific di ffuser on the 
MlRA model). 
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Figure 105 Variation in front and rear lift coefficients at fu ll scale for the 42mm radius only 
(turbulence intensity as a parameter) 
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5.3 Summary 
• The transcritical Reynolds numbers of the 2-box model are almost identical to 
the results of the J -box model , leading to the conclusion that the model 
geometry was not the key factor, and the results can be carried forwards to more 
complex shapes. The full scale model in the MlRA tunnel also reproduced a 
very similar result, and a best fit line was drawn for the variation of transcritical 
Reynolds number with turbulence intensity that fits the data from all 3 models. 
• In the clean tunnel, the pressure gradient over the bonnet of the 2-box model 
created a sustained separation bubble at low Reyno lds numbers for even the 
largest radii, which then di sappeared at high Reynolds numbers, giving a clear 
transition region. 
• In raised levels of freest ream turbulence, the clear transition reglOn did not 
appear for radii larger than 50mm, and so the 2-box model results did not 
support the effective edge radius mode l. This was the only significant effect of 
lIsing the more complex geometry mode l. 
• The post-cri tical drag of the MlRA model was increased by the two raised levels 
of freestream turbulence, but 3.4% turbulence produced a larger increase in drag 
than 4.3% turbulence. 
• The lift results for the full scale MlRA model also matched the results for the 1-
box model , which supports the conclusion that the dominant features in the 
flowfield at full scale are the same as those which dominate the model sca le 
results. 
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Chapter 6 
The influence of freestream 
turbulence on the effects of 
backlight angle 
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The effect of basic parametric rear end shape changes has been widely reported [7-9 , 
2 1]. In particu lar there has been a significant body of work relating to the backslant 
geometry on fastback car shapes. [n this geometry the interaction between 3D vo rtex 
flo ws and the more 20 base flo ws produces a particu larly characteristic drag and lift 
response, which makes it an ideal test case for an investigation into the effect of 
additional freestream turbulence on that characteristic. 
6 .1 Model details and test method 
The model used was the Windsor model , a simple bluff body with a replaceable rear 
section that allows for a range of I \ di fferent back angles from 0 degrees to 40 degrees. 
The leading edges of the model had a radius of 50nml, but the radius is blended out to a 
sharp edge on the roof and floor (Figure 106), and the rear edges are all sharp. 
Figure \ 06 shows the Windsor model with the 35 0 backlight angle . The Windsor model 
has been used by Rove r and Land Rover for many years, providing a good basis for 
comparison. 
The test programme consisted of a Reyno lds sweep from 5m/s to the maxImum 
available tUlUlel speed , and a yaw sweep from _1 50 to + 150 at the normal tunne l test 
speed of 40m/s, where possible, and the maximum tunnel speed where thi s was lower, 
for each back angle tested. The results are presented us ing Reyno lds number based on 
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the square root of frontal area (ReA). ReA at 40mls is 9.41 * I 05, and at 34m1s (the 
maximum speed with the highest turbulence grid) it is 7.5* \05, which is reasonably 
comparable. The turbulence was generated with the same grids as for the edge radius 
tests, giving turbulence intensities ranging from 0.2% (clean tunnel) to 5. 1 % (highest 
turbulence grid). 
6.2 Results 
The results are divided into 3 sections - the effect of Reynolds number, the effect of 
turbulence on the drag and lift vs. back angle characteristic at zero yaw, and the effect 
of turbulence on the yaw moment. 
6.2.1 Reynolds number effects 
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Figure 107 Variation of drag coefficient with Reynolds number for the clean tunnel (back angle as a 
parameter) 
Figure 107 shows that there is little variation with Reynolds number for most back 
angles. The reduction in drag coefficient from the lowest Reynolds number over the 
first few steps is characteristic of this type of model (see also Chapter 3 and Cooper 
[4]). For the angles that approach the critical angle (27.5, 30 and 32.5) there is a 
continuous slow reduction in drag coefficient over the Reynolds number range, which 
can be attributed to the separation on the back angle, shown by Aluned's [8] schematic 
of the flow at high back angle. There is however no identifiable pre-critical and post-
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critica l Reynolds number sensi ti vity wi th a c hange from high drag to low drag as there 
was with the front radius experiments . Above a Reynolds number of 7* I 05 there is no 
Reynolds sensitivity fo r any of the other back angles, which is in agreement with the 
SAE standard recommendation of a minimum Reynolds number of 10* 105 Eve n for 
the back angles near the criti cal angle, there is less than 10 counts variat ion between 
7* I 05 and 10* 105 This pattern was repeated at all turbulence leve ls and no Reynolds 
number effects were seen, as expected for thi s type of model where the lead ing edge 
radi i were selected to be reasonably Reynolds number independent. All further tests 
were carri ed out at a minimum Reynolds number of 7.5* 105 as this has been shown to 
be suffi cient for this model, including for the highest turbulence level where the 
maximum Reynolds number, due to the pressure loss across the grid , is 7.7* 105 
6.2.2 Drag and lift results with increased freestream turbulence 
In order to validate the results of these tests a comparison was made with previous data. 
F igure 108 shows a comparison between Newnham (frol11 the current study) and 
Windsor [49]. Windsor' s results were obtained in the MIRA model tunnel, which had a 
c losed work ing section at the time. 
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Figure 108 Varia ti on in drag coefficient with back angle to compare Newnham and Windsor 
136 
The trend is accurately matched apart from the 32.5 degree back angle, which shows the 
high drag case in the Loughborough tunnel and the low drag case in the MIRA tunnel. 
This could be for a number of reasons but it is most likely to be a tunnel effect due to 
less blockage in the Loughborough tunnel. As widely reported [8 , 9], there is a peak in 
drag around 30°, which is the point where the backlight flow switches between the two 
states that were described by Ahmed [8] - either a semi-attached flow with two trailing 
vorti ces, or a flow that separates fully at the end of the roof. In fact there are two 
competing effects, described by Ahmed, which appear in the results in Figure 108. The 
reduction in the size of the base, as backlight angle increases, reduces the base pressure 
linearly, which dominates the overall drag at low angles, between 0° and 10°. The 
second effect is that the vortex drag increases in a non-linear way as backlight angle 
increases, and this begins to take over above 10°, and beyond 25° thi s is the dominant 
effect, giving the dramatic rise in CD. Bearman's results [1 0] showed that the variation 
of CD with backlight angle is a function of vortex strength. At 35 degrees the backlight 
flow again separates cleanly at the roofline, as shown by Ahmed with wake surveys of 
the low drag case. This causes the drag coefficient to fall back to similar levels to those 
for 0°. 
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Figure 109 Variation in drag with back angle (Tu as a parameter) 
With the introduction of freestrearn turbulence (Figure 109) the trends remain largely 
unchanged, and there is no change in the critical back angle, but there is an apparently 
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systemat ic increase in drag, which is largest for the hi ghest turbulence level (5. 13%). At 
low angles (0 - 20°) and very high angles (>35°) there is a drag increase of around 20 
counts compared to the clean tunnel case. This is large in comparison to the change 
caused by the other turbulence levels. Between 20° and 27.5° the resul ts with increased 
turbulence prog ressively reduce unti l they match the clean results. 
Figure 11 0 shows the drag results as 6CD relati ve to the 0.2% turbulence case. It 
becomes clear in the figure that the effect of turbu lence is shape dependent for all 
turbulence levels. For the 0° back angle, addi ti onal turbulence increases drag, by around 
7 counts for the first two turbulence levels, IS counts for 3.4 1 % turbulence and 25 
counts (approx imate ly 8% more than the clean tunne l result) for 5. 13%. As back ang le 
increases, the d rag increase gets smaller for the two highest turbulence levels, at first 
gradually and then more rapidly until they match the clean resu lt for a back angle of 
32.5°. The trend is the same for the first two turbu lence leve ls but the effect is weaker 
and the results much noisier for the critical back angles approaching 32 .5°. 
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Figure 110 Variation in drag with back angle as ~CD values (Tu as a parameter, Tu = 0.2% as a 
baseline) 
I t is suggested that the increase at sma ll or 0° back angles is due to increased skin 
friction, as was the case for the I-box model. The additional shape depe ndent reduction 
appears fo r the higher back angles where the vort ices are strongest, and so, fo llowing 
Beannan's results in the clean tunne l that showed a strong correlation between vortex 
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strength and drag coefficient, this shape dependent reduction is ascribed to a weakening 
of the trai ling vortices. 
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Figure 111 Variation in lift coefficient with back angle (turbulence intensity as a parameter) 
The variation in lift with back angle shown in Figure III is much larger than the 
vari ation in drag, and therefore the differences between turbulence levels are difficu lt to 
identi fy , except around the criti cal angle. However, it is seen in the figure that the 
highest turbulence grid shows the same trend as the others for total lift . 
To show the variation caused by the turbulence more clearly, the lift data is replotted as 
t.CL relative to the clean tunnel in Figure 11 2. As the results approach the criti cal angle, 
there is considerably more noise in the data. Although the lift results fo r the 25° back 
angle do not alter the conclusions, they confuse the figures, and are therefore excluded. 
At low angles, there is a reduction in total lift with increased turbulence, which 
becomes greater wi th increas ing back angle, although the trend is not stable near the 
critical back angle. At higher angles (35° and 40°), there is an increase in lift with 
additional turbulence. More turbulence generally gives a greater effect on li ft. 
The conclusion drawn from the drag results was that the effect of turbulence is shape 
dependent and related to the trailing vortex strength. There is an indication in the total 
lift results that there is an effect of turbulence on lift as the angle approaches 32.5°, but 
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to identify the changes in the flowfie ld that cause the change in drag the pitching 
moment is used to ca lcul ate the fron t and rear li ft, so that they can be examined 
separately. 
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Since the geometry change is at the rear, the largest effect should be on rear lift. Figure 
113 shows t.CLR relative to the clean tunnel results plotted against back angle. As for 
the drag results, the two highest turbulence grids show the strongest effect, causing a 
reduction in rear li ft for the 0° back angle that increases consistently with increasing 
back angle up to 32.5°, although there is significant variation in the results as the 
critical angle approaches. The two lowest turbulence levels show a much weaker effect, 
but there is still some evidence of a trend of reducing lift with increasing back angle. It 
is suggested that there is a reduction in vortex strength, and from the I-box results it 
would be expected that there is also an effect of turbulence on the separation over the 
backlight at high back angles. It could be that these two effects are in competition, with 
the vortex strength affected more strongly by increased turbulence intensity and/or 
length scale, as the length scales are around 15mm for the first two grids, 24mm for the 
3.41 % grid and 37mm for the 5.13% grid. A reduction in vortex strength would cause a 
small reduction in the downwash over the backlight, increasing the local pressures and 
reducing the acceleration over the backlight, reducing rear lift and drag, while a 
reduction in the separation length could produce an opposing effect. 
For all turbulence levels, there is a significant increase in rear lift at 35° and 40° back 
angle . Since the critical angle remains the same, the flow must separate at the end of the 
roof, and so it is expected that these changes must be as a result of a turbulence driven 
increase in the base suction, as was seen on the I-box model (Section 3.4.2), which in 
this case acts to increase both drag and rear lift, as the top half of the base is at an angle. 
The results for front lift show a much smaller effect (Figure 114) as would be expected. 
For the two highest turbulence levels, there is no change or a slight increase in front lift 
for the 0° back angle, which then reduces with increasing back angle up until 30°, 
although it increases again for 32.5°. This shape reduction is likely to be driven by the 
changes at the rear, as the acceleration reduces over the backlight causing the front 
stagnation point to rise, reducing front lift. The two lower turbulence levels produce a 
reduction in front li ft at 0° back angle, which rises only slightly with increasing 
turbulence as back angle increases up to 30°. This appears consistent with the idea that 
the trailing vortices are less strongly affected by these lower turbulence intensities. The 
result at 32.5° appears to show some slightly different effect, but the flow must be very 
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close to criti cal at thi s angle and therefore strongly affected by unsteadiness 111 the 
fl owfield . 
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6.2.3 The effect of turbulence on yaw moment 
T he yaw moment derivati ves were establi shed by ca lculating the gradient of the yaw 
moment as it varies with yaw angle betwee n ± I 0 degrees, in order to use as much of the 
recorded data as poss ible and so reduce the error. Over thi s range the grad ient was 
approxi mately constant. Figure 11 5 shows the yaw moment deri vatives plotted against 
back angle with turbul ence intensity as a parameter. The trend of yaw moment 
coefficient with back angle matches that shown by Howell [9] for the yaw moment of 
the same model at a constant yaw angle (15 0 ). The effect of addi ti onal tlu'bul ence is 
seen to be small and spread around the clean tunnel res ul ts, with some levels giving 
increases in yaw moment and some levels reducing it. 
Figure 116 shows the yaw moment deri vative ploued with the clean tUlUlel as a 
base line. In thi s plot, as before for the other results, a shape dependency does appear fo r 
the ang les c losest to the criti ca l angle, around 200 to 32 .5 0 , although the diffe rence is 
very small - equi va lent to a change of 3 counts of yaw moment at 10 degrees yaw 
angle. Increas ing the leve l of freestream turbu lence does not appear to have a 
significant effect on yaw moment for this model. 
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6.3 Summary 
• The Windsor model has a typical drag characteristic with back angle, which was 
repeated in the Loughborough wind tunnel and matched previous results with 
the same model. The drag initially falls as the base gets smaller, and then rises 
with increasing vortex strength up to a critical angle, in this case 32.5° . At 
higher angles this flow breaks down and the drag fall s to the same value as for 
0° back angle, with a separation at the end of the roof. 
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• Increasing the freestream turbulence gave an increase in drag for 00 back angle, 
which was strongly dependent on the turbulence intensity. As the back angle 
increased, there was a shape dependent reduction in drag which reduced the 
drag back to the clean turmel resu lt for all turbulence levels at 32.50 back angle. 
• For higher back angles there was an increase in drag at higher turbulence levels, 
as was seen fo r the lowest back angles. The I-box resul ts demonstrated that thi s 
was partly due to raised base pressure. 
• The rear lift results also showed a shape dependent reduction up to the cri tical 
with increased turbulence. It was suggested that the additional tw·bulence 
reduced the vortex strength and affected the separation over the roof, and that 
higher levels of turbulence had a stronger effect on the vortex strength. 
• At back angles above the cri tical angle, the rear lift was higher with increased 
turbulence. The I-box results showed that increasing freest ream turbulence 
increased the base pressure, resulting in increases in drag and lift in thi s case 
because the upper half of the base is at an angle to the vertical. 
c Tests at different yaw angles showed that the yaw moment was not significantly 
affected by the addition of freestream tu rbulence. 
144 
Chapter 7 
Effect of freestream turbulence on 
practical vehicle development 
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There are many subtle aerodynamic devices available to the vehicle aerodynamicist that 
can have large effects on the flowfield around the vehicl e, and consequently on the 
body forces. Typically, full width front and rear spoi lers, whee l spoilers, and vari a tions 
in a ir intake sizes and internal cooling flo ws may be employed to reduce drag and 
control lift. Thi s chapter presents an investi gation into the changes caused by addi ti ona l 
freestream turbulence on fro nt, rear and wheel spo il ers and cooling drag. The MIRA 
reference model is used to show the effect of very simple spoi lers on a generic model, 
and it is also poss ible to make crude adj ustments to the backlight ang le by testing the 
notch back, fast back and estate car configurations (A, Band C in Figure 95) which can 
then be examined in the context of the results from the previous chapter. Two 
production vehicl es are then used to further investi gate the effect of turbulence on tl'ont, 
rear and wheel spoilers and cooling drag, and on one the effect of turbulencc on the A-
pillar vo rtex was in vestigated using flourescene. 
7.1 Further tests on MIRA reference model 
The MIRA reference model was tested at all 3 turbulence leve ls in the full scale wi nd 
tunne l in its 3 base line configurations of notchback (A), fastback (B) and estate car (C) 
(which is a repeat of the 152mm radius test in Section 5.2) . Front and rear spoilers we re 
also fitted , and for these tests, the MIRA reference car was in its notchback 
configuration. The front spo ilers consisted of a se ries of rectangular strips of foam , 
20mm high by 50mm deep under the full width of the front of the car where the fl at 
under fl oor starts. 
l 
\, 
Figure 11 7 Schematic diagram of front and rear spoiler locations 
The total spo iler height va ried from 20mm to 80mm. The rear spoi le rs were 50ml11 deep 
and varied in height from 20111m to 48ml11 at the rear edge, with a triangular cross 
secti on and a sharp lead ing edge which was taped to the reference ca r ac ross the rear 
boot lid, with the rear face of the spoiler flush with the back of the car. Figure 117 
shows the front spoile r location under the chin of the nose on the left, and the rear 
spoiler location on the rear of the boot deck on the ri ght. 
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7.1.1 Notchback, fastback and estate back results 
Figure 118 shows that increasing the turbulence intensity increased the drag, but that 
4.3% turbulence gave a lower drag coefficient than 3.4%, as was the case for the estate 
back with different leading edge radii in Section 5.2. The variation in CD with 
turbulence is around 10 counts (0.01) which would be a significant change in the 
vehicle development process. The back angle of the fastback is approximate ly 22°, and 
the notchback 45° (actual backlight angle), but with an extended boot deck, giving the 
same effective back angle as the fastback but with a significant separated region. This is 
why the notch back has a lower CD than the estate back but higher than the fastback. The 
estate back shows the 0° case. A reduction in drag between the 0° and 22° back angle 
was also shown in the results from the previous chapter. 
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Figure 118 Variation of Co with drag coefficient for the MIRA model (configuration as a parameter) 
Figure 11 9 shows the variation in lift coeffi cient with turbulence and configuration. 
There is a large increase in rear lift between the estate back and the other two back 
angles, as also seen on the Windsor model. The difference of around 0.35 is 
approximately the same as the difference between 0 degrees and 20 degrees for the 
Windsor model. 
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Figure 119 Variation in CL with turbulence intensity (configuration as a parameter) 
In order to examine the effect of turbulence on the lift, the front and rear li ft coefficients 
are plotted separately and as 6CLF and 6CLl\ from the 1.8% baseline turbulence case in 
Figure 120 and Figure 121. 
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Figure 120 Change in C"with turbulence intensity (configuration as a parameter) 
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Figure 121 Change in CLR with turbulence intensity {configuration as a parameter) 
The increase in front lift and decrease in rear lift seen for the Windsor model when the 
turbulence intensity is raised is repeated here. The changes are comparable in 
magnitude to that seen in the Windsor model results between 1.4% and 5.13% 
turbulence. 
7.1.2 Front spoiler results 
Figure 122 shows the variation in front lift with front spoiler depth. Although the 
increments in spoiler depth were rather coarse, the results suggest that there is some 
change in the shape of the curve that means that the optimum spoiler depth for 
maximum front downforce is dependent on the turbulence intensity. In the clean tunnel, 
the most downforce is produced by the 40mm spoiler, and when the freestream 
turbulence was increased to 4.3%, the 60mm spoiler produced the most. There is a 
visible shift from left to right of an imagined best fit parabola. Based on the discussion 
of how separated flows are affected by turbulence in Section 4.4.3 , it is expected that 
the separation bubble is made smaller by the turbulence, which may red uce the 
blockage caused by the spoiler and therefore increase its effectiveness. 
Figure 123 shows the effect of fi'ont spoi ler height on rear lift. Additional turbulence 
seems to mitigate the increase in rear lift, giving as much as 15 counts less rear lift for 
the highest turbulence intensity. The increased effectiveness of the deeper front spoiler 
must come from a reduction in separation, reducing the blockage effect of the spoi ler, 
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-I 
- - - .I 
whic h will shift the front stagnation point upwards and cause a resultant reduction in 
rear li ft. There may also be a change in the diffuser perfonnance but it is not possible to 
identi fy thi s here. 
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Figure 122 Variation in front lift with front spoiler depth 
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Figure 123 Variation in rear lift with front spoiler depth 
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Figure 124 Va riation in CD with front spoiler depth 
Figure 124 shows the variation in drag with front spo iler depth. There is a drag penalty 
from the front spoiler which increases with spoiler depth. For small spoilers there is an 
add iti onal drag penalty in increased freestream turbulence, but for deeper front spoilers 
the change in CD between clean tunnel and increased turbulence is the same as for the 
baseline model. The increased drag is small and the reason for it is not clear. As in most 
cases tested, the 3.4% turbulence level gives the highest drag increase, significantly 
more than the other two cases. 
7.1.3 Rear spoiler results 
The effect of turbulence on the trend with varying rear spoiler height of fTont (Figure 
125) and rear (Figure 126) lift was investigated by testing four spoilers. Increasing 
turbulence to 3.4% caused very little change on the unmodified MIRA model, but gave 
an additional reduction at the rear of up to 20 counts when a rear wing was added. 
Increas ing the turbulence to 4.3% gave a reduction in rear lift of around 15 counts with 
or without a rear spoiler fitted . At the front there was very little change with a 
turbulence intensity of 3.4%. When the turbulence was increased to 4.3% there was a 
15 count increase in front lift. Increasing the turbulence to 3.4% made the rear spoiler 
more effective, but increasing it to 4.3% changed the balance by 30 counts with or 
without the rear spoiler. 
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Figure 126 Variation in front lift with rear spoiler height 
The rear spo iler inc reased the CD of the baseline vehic le, which is unusual - the 
common result for a rear spoiler is a drag reduction for these small spo ilers [50). The 
drag increase implies that for this mode l the increase in the wake size due to deflection 
of the fl ow was more signifi cant than any induced effects on the backl ight, probably 
because at 45°, the back light itse lf is likely to be in a separation region and an effect of 
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the spoiler on the pressure on the flat boot deck will not affect drag. Adding more 
turbulence did not significantly change the trend of CD with spoiler height. The 
difference between the result for 1.8% turbulence and 3.4% turbulence remained at 
approximately 20 counts for all spoiler heights tested. 
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Figure 127 Variation in Co with rear spoiler height 
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7.2 Simple modifications to real vehicles (full scale) 
Two production vehicles, a Jaguar XJ8 (X350) and Land Rover Discove ry 3 (L3 19) 
were used to investigate the effect of additional freestream turbu lence on simple vehicle 
modifications. In addition to testing the baseline vehicle and each modification at 0° 
yaw, a yaw sweep was conducted for the baseline vehicle and for one of the rear 
spoilers, to give an indication of the effect of turbulence on yaw moment and sideforce. 
Figure 128 shows the wooden beams of the turbulence grid and the X350 install ed on 
the balance and Table 11 shows the test deta ils for the X350. Figure 129 shows the 
Discovery as it was install ed on the balance in its base line configuration and Table 12 
shows the test detai ls for the Discovery. 
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These two photos show the rear spoilers 
installed. The spoilers were triangular 
sections of foam 20mm, 25mm and 30 
mm high at the rear edge and installed 
across the trailing edge of the boot deck. 
The front chin spoiler extension was 
900mm wide and 50mm deep, and 
attached so that its top edge rested 
against the underside of the car, at the 
top edge of the much smaller spoiler 
fitted to the standard vehicle. 
The wheel spoiler extension was 
designed to double the size of the 
existing wheel spoiler. The original 
wheel spoiler is also deeper on the inside 
edge than on the outside, and part of the 
wheel-arch moulding which made it 
impossible to remove. 
The cooling inlets were fully blocked. 
I for the XJ8 
Figure 129 Land Rover Discovery 3 (L319) in the MIRA full scale wind tunnel 
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The rear spoiler fitted to the Land Rover 
Discovery. The 20mm spoi ler made a 
significant difference to the vehicle 
drag, and so a 15mm spo iler was used 
along with the 25 mm spoiler to give 
three heights, as the 30mm spoi ler used 
on X350 wo uld have been too extreme. 
Discovery with the Land Rover made 
40111111 wheel spoilers fitted. 
Wheel spoilers extended to a depth of 
65mm. 
As a final test, the cooling intakes (seen 
in Figure 129) were blocked completely. 
Table 12 Test details for the Discovery 
7.2.1 Baseline results at 0° yaw 
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Figure 130 Change in baseline vehicle d rag coefficient w ith turbulence intensity 
Figure 130 shows that for the baseline configurations the drag for both vehicles 
increased when the turbulence intensity was increased to 3.4%, in line with expectations 
from the previous work reported here (Sections 5.2.4 and 7.1.1) and previously 
published work (e.g. Cogotti [51]) . The results also show that at 4.3% turbulence, the 
drag increase for the Discovery is reduced, and the CD of the X350 is the same as it was 
for the clean tunnel, within the repeatability of the experiment. The backlight angle of 
the X350 is approximately 27 degrees (angle of the rear screen not including the boot 
deck effective angle, as measured from a photo), and examination of the Windsor 
model results shows that the likely change in CD around this angle between 1.38% and 
5.13% (a larger change in Tu than in the full scale tunnel) is small and unpredictable, 
close to the critical back angle of 35 degrees where the drag is highest. As was the case 
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w ith the MlRA notchback the X350 also has a significant boot deck which will give a 
different flowfi eld to the Windsor model - thi s is o ft en represented by considering the 
effecti ve back angle to be between the top edge of the backlight and the rea r edge of the 
boot. It is a lso probable on a more compl ex vehicle that there are more competing 
effects due to turbulence, as thc drag inc rease fro m skin friction is balanced by drag 
reducti on from reduced vortex strength at the rear. There is unlike ly to be signifi cant 
separation on a production vehi cle as it has already been through an aerodynamic 
optimisation process. 
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Figure 131 Variation in baseline veh icle overall li ft with tu rbulence intensity 
Figure 13 1 shows the variation in total li ft. The main points of interest here are that the 
medium level of turbulence had no effect on the total lift of either veh ic le, and that with 
a fu rther increase o f turbulence intensity the two vehicles experi ence opposite changes 
in overall lift. In both cases the li ft change is small , between 4 and 6 counts. This small 
change repeats the resu lts for the MlRA refere nce model, where the estate back vehicle 
showed an increase in total lift and the fastback and notchback showed a dec rease in 
total li ft. 
7.2.2 Yaw sweep results 
Figure 132 shows the variation in drag coeffi cient for the X350 with yaw angle at each 
turbulence intensity and Figure 133 shows the same results for L319. For both vehicles, 
raising the freestream turbulence increases the drag at yaw, but the largest increase is 
still for 3.4%, around 12- 15 counts. 
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Figure 133 Change in drag coefficient for the baseli ne L319 
7.2.3 Rear spoilers 
Figure 134 and Figure 135 show the change in rear lift and drag coefficients for the 
X350 with the rear spoiler. In comparison with the results for the MIRA model, there is 
a much more significant improvement in rear downforce with additional turbulence. 
However, in this case the rear spoiler reduced the drag compared to the baseline vehicle 
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rather than increased it, and the effect of add itional turbulence was to mitigate the 
reduction in drag. Achieving a drag reduction with a spoi ler is the more common result 
(eg . Schenkel [50]) ascribed to an increase in pressures on the backlight and boot deck. 
It is not clear why thi s effect should be reduced by the additional turbulence . 
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Figure 135 Change in drag coefficient with rear spoiler height for X350 
Figure 136 and Figure 137 show the same results fo r the L319. The rear lift results 
show a si milar improvement in rear li ft reduction for the medium turbulence level over 
the clean tunnel , but the highest turbulence grid produces results that are very close to 
the c lean tunnel. The addition of turbu lence reduces the drag penalty sli ghtly, which 
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may be due to improved mixing in the free shear layer after the spoi ler or a reduction in 
the wake size. 
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Front spoilers, wheel spoilers and cooling drag 
Figure 138 and Figure 139 show the change in lift and drag for the wheel spoilers, front 
spoiler and cooling drag with turbulence intensity, where the difference is based on the 
value for the baseline vehicle at each turbulence intensity. The front spoiler increased 
drag and overall li ft, but did reduce the front li ft . With additional turbulence, there was 
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an small additional downforce benefit but also a drag penalty, matching the results for a 
similar sized spo iler on the MIRA reference model above. 
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The wheel spo il ers reduced the drag and the lift, and increasing the turbulence had very 
litt le effect - at 3.4% the drag was sli ght ly reduced, and at 4.3% slightly increased. 
Cooling drag is shown as a negative change, because it is calculated as the change in 
drag fo r the modifi cation, i.e . the blocked air intakes. Additional turbulence has littl e 
effect on drag, only increasing it sli ghtly, but reduces the li ft w ith inlets blocked by a 
small amount. Closing cooling intakes can force a small separation around the bonnet 
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radii because more flow is diverted over the bonnet (eg. as shown by Wolf [52]) and 
therefore the changes due to turbu lence may be due to reductions in any induced 
separation. 
Figure 140 and Figure 141 show the same results for the L319 (on a larger scale). The 
variation in drag is still small in most cases, and the 65mm spoi ler shows no significant 
variation at all. The lift results also show fairly smal l variations. The wheel spoilers 
show a reduced drag benefit when the turbu lence level is raised , and a very small effect 
on lift. Wheel spoilers work by creating flow spillage that then misses the front wheels, 
and so a reduction in separation due to increased turbulence is like ly to reduce their 
effectiveness . It is likely that the 65mm spoiler is too big for the turbulence to make any 
difference. Cooling drag is lower for the medium turbulence grid than the clean tunnel , 
but for the highest turbulence grid it is very close to the clean result. The change in lift 
due to blocking up the air intake is quite small and in a similar way to that on the X350 
it may be due to a reduction in any separation induced by blocking the inlets. 
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7.2.5 A-Pillar Vortices 
An investigat ion was carried out into the variation in A-pillar vortex size using wool 
tufts . The fo llowing figures show the woo l tufts as seen from the front passenger seat. 
1 
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t 
Figure 142 Wool tuft photo, clean tunnel 
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Figure 144 ,4.3% grid 
In Figure 142, Figure 143 and Figure 144 the first visible row of wool tufts has been 
numbered for ease of comparison between turbulence cases. There is clearly a small 
effect on the flow around the A pi llar and over the wing mirror. In comparison to the 
clean tunnel, in the first turbulence case tufts 10 to 12 look less vertical, and tufts 5 to 8 
are much more agitated by the flow. For the highest turbulence grid, tufts 10-1 2 are 
visible to the right of the tape, and tufts 5-8 are less agitated. This shows that the 
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vortical flows in these areas are affected by the turbulence, as was suggested for the 
trai ling vortices on the Windsor model. On the side glass of a road vehicle, thi s may 
have impli cati ons for wi nd noi se. Repeating the photographs for the two turbulence gr id 
cases appeared to show the same features. 
Surface flow visualisation using flourescene paint was carried out on the A-pi llar flow 
to further extend these tests. The areas of interest identi fi ed by the woo l tuft experiment 
were the A-pill ar vortex itself, and the fl ow around the top of the wing mirror. 
Figure 145 shows a compar ison of the A-pillar vo rtex for the clean tunnel aga inst the 
A-pillar vortex with 3.4% turbulence in the freestream. Increasing the turbulence has 
made the reattachment line move slightly further from the A-pillar, and also further 
from the roo fl ine as the vortex propagates downstream. 
The wing mirror flow is shown in Figure 146. The jet fl ow behind the wing mirror is 
affected by the turbulence with a bigger recircu lalion on the glass just above the door 
line (enough to cause a small dribble in the middle of the reci rculating flow where the 
fl ourescene did not fu lly dry out) and a stronger im print of the jet flow between the 
wing mirror and the A-pillar. 
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Figure 147 shows the result at 4.3% turbulence. The A-pillar vortex is a little smaller 
than in the 3.4% turbulence, and the reattachment line going back along the glass by the 
roof is much less distinct. The recirculation region at the bottom of the glass near the 
wing mirror and door line is again large with a small dribble of flourescene, and the 
imprint of the jet flow is stronger than it was in the clean tunnel. In the previous chapter 
it was suggested that increasing the freestream turbulence reduces the C-pillar vortex 
strength . Although it is not possible to determine the strength of the A-pillar vortex 
from flourescene pictures, the spreading and smearing of the reattachment line suggests 
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that the vortex is bodily di sturbed and possibly weakened by the addi tion of freestream 
turbulence. Further experimentation is required to show what effect thi s has on the wind 
noise, and whether the measurement of inferred wind noise from pressure tappings [32] 
could be improved using turbulence grids. 
7.3 Summary 
• Tests were carried out on the MlRA full sca le reference model , and good 
comparison was made between the baseline mode l and the Windsor model in the 
Loughborough tunnel. 
• Front and rear spo iler tests were carried out, and additional freestream 
turbulence was found to improve the performance of the spoilers in li ft but by a 
small amount. Following the I-box results it was suggested that the separation 
was smaller around the front spoiler and that lead to the increased optimum 
spoiler size in raised freestream turbulence. 
• This result was repeated for two production vehicles, and the effect of 
freestream turbulence on wheel spoilers and cooling drag was also investigated. 
The performance of small wheel spoi lers was shown to be adverse ly affected by 
additional turbulence, which may be because they are intended to produce a 
large separation that then pushes the flow around the front whee ls, and increased 
turbulence is known to reduce the size of separated regions. There was very 
little effect of turbulence on cooling drag. 
• An investigation was also carried out into the flow over the sideglass, paying 
particular attention to the A-pillar vortex. It was suggested, following the 
Windsor model resu lts from the previous chapter, that the A-pillar vortex had 
become weaker with the add itional turbulence, and it was seen that the area of 
glass affected by the vO l1ex became larger and the reattachment line less 
distinct, indicating that the vortex might be deflected by the turbulent eddies as 
well as any possible weaken ing (that could not be measured). 
• The individual di ffe rences that were measured on the MlRA reference model 
and the production vehicles are all very small , but it is possible that added 
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together they could produce a significant difference in overall Jift and drag, if a 
vehicle was entirely designed at a higher level of freestream turbulence. 
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Chapter 8 
Further work 
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The method used in this project was specifically designed to investigate the effects of 
small scale turbulence, by making the assumption that a principle of superposition 
could be adopted, and that some level of small scale turbulence does exist in the real 
world. Reference was made to studies that measured the turbulence intensity in the real 
world in order to establish what levels should be tested, but the turbulence intensity on 
the roads under normal driving conditions is still not well understood, and most studies 
that make reference to road vehicles filter the atmospheric spectrum to only include 
what is considered relevant, i.e. the higher frequency end of the spectrum. An in depth 
study of on road turbulence under many different driving conditions (eg. traffic, road 
type, car speed etc.), during varied atmospheric conditions (calm days, windy days, etc.) 
and with varied levels of roadside obstructions would be a very useful project to aid the 
understanding of the enviromnent that road cars experience. The challenge of choosing, 
cataloguing and understanding the data that would be collected is left to the investigator 
taking this on. 
A useful future experiment would be to look in detail at the flow over the backlight of 
the Windsor model with increased freestream turbulence using the prv system, or by 
measuring the pressure distribution over the backlight in detail. A set of measurements 
of the pressure distribution across both the width and length of the backlight of several 
of the large back angles approaching 32.5° in different levels of freestream turbulence 
would provide useful insight into the changes in separation and reattachment and vortex 
strength that have been suggested in this work. 
Further investigation of the behaviour of the A-pillar vortex under increased freestream 
turbulence would also be of interest, considering the flow visualisation results for the 
Land Rover Discovery side glass. Considering that the turbulence greatly increased the 
unsteadiness in the flow, measurements of the unsteady pressure distribution on the A-
pillar and local side of a representative model with tight A-pillar radii would be very 
useful in extending the understanding of how vortical flows are affected by turbulence. 
Further study that may also lead on from these investigations is the effect of raised 
freestream turbulence on the aeroacoustic characteristics of the vehicle. It is known that 
wind noise is often under-predicted, and that customers complain of more wind noise 
on the road than was noticed during vehicle development. Measuring wind noise is 
generally done in a very low turbulence enviromnent because reducing free stream 
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turbulence usually goes hand in hand with reducing background noise levels, but 
recently developed techniques using fluctuating surface pressure measurement to imply 
noise levels could be used in conjunction with raised freestream turbulence to 
investigate whether the small scales generated by grids do cause more problems, and to 
look for solutions. 
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Chapter 9 
Conclusions 
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Various model geometries and turbulence levels have been used to show that there is an 
effect of turbulence on the aerodynamic optimisation process. In general it is seen that 
although small, this effect is of a similar order of magnitude to the differences seen 
when rolling roads were first used in wind tunnels. The following specific conclusions 
arose from the work: 
• The I-box drag results showed that the transcritical Reynolds number based on 
edge radius is a constant, both in the clean tunnel and with increased freestream 
turbulence. Increasing the level of freestream turbulence reduced the value of 
the constant and the inverse relationship Rertcri,=6.4*105*Tu·o.32 was found to fit 
the results. The experiment was extended to a 2-box model and the MIRA full 
scale reference vehicle, and the result was repeated. The best fit line for the 
results of all 3 models was given by the equation Rertcri,=6.4*105*Tu·0.33, 
essentially the same as for the I-box model alone. This showed that the 
transcritical Reynolds number did not depend on model geometry. 
• Since the constant is dependent only on the edge radius, the results can be 
treated as a test of edge radius optimisation without reference to the model scale. 
The 70mrn radius was seen to have the same transcritical Reynolds number 
based on edge radius in the full scale wind tunnel at a particular turbulence level 
as it did in the model scale wind tunnel, at the same Reynolds number based on 
edge radius and in similar free stream turbulence conditions. This showed that 
the edge radius optimisation experiment was not scale dependent and could be 
extended to full scale models simply by comparing like radii in millimetres. 
• In the clean tunnel, the pressure gradient over the bonnet of the 2-box model 
created a sustained separation bubble at low Reynolds numbers for even the 
largest radii, which then disappeared at high Reynolds numbers, giving a clear 
transition region. In raised levels of freestream turbulence, the clear transition 
region did not appear for radii bigger than 50mm. This was the only significant 
effect of using the more complex geometry model. 
• The concept of effective Reynolds number was found to be an inadequate 
description of what happens when the freestream turbulence level is increased. 
Instead, effective edge radius was proposed as a more representative model. For 
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the I-box model, it was shown that this concept gave a fair representation of the 
change in the trend of drag with Reynolds number at different turbulent 
intensities, but did not capture the difference in the values of CD between one 
radius at an increased turbulence intensity and its equivalent in the clean tunnel, 
because of skin friction effects and the difference in acceleration around the 
radius. It was not possible to extend this concept to the 2-box model because of 
the effect of the pressure gradient on the bonnet, but it is still felt to be a useful 
description of the way turbulence affects the flow around a radius on a simple 
bluff body. 
• The post-critical CD of the I-box model was shown to increase with increasing 
turbulence intensity. The increase was reasonably independent of edge radius 
and was shown to depend on the ratio between turbulence levels. The post-
critical drag of the MIRA model was increased by the two raised levels of 
freestream turbulence, but 3.4% turbulence produced a larger increase in drag 
than 4.3% turbulence. 
• The I-box model was shown to be sensitive to yaw, but the transcritical 
Reynolds number remained constant over the range of yaw angles tested (0 -
15°), both in the clean tunnel and with increased freestream turbulence. This 
was also reflected in Cooper's results [4]. 
• The base pressures were also found to vary with Reynolds number, in a way that 
correlated to the presence of separation at the front of the model. The base 
pressure was considered to be controlled by the boundary layer thickness at 
separation. Increasing the turbulence intensity caused an increase in base suction 
(more negative base pressure) indicating that some of the increase in drag is 
caused by this change in the pressure field, as well as an increase in skin 
friction. 
• The lift results for the I-box model broadly show the same effects as the drag 
results, in terms of the change in Rertcrit and the effect of the additional 
turbulence on post-critical front and rear lift coefficients. The most significant 
effects on lift occur around the front of the model, as would be expected, with 
additional effects at the rear of the model that most likely arise from shifts in the 
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position of the front stagnation. The lift results for the full scale MIRA model 
also matched the results for the I-box model, which supports the conclusion that 
the dominant features in the flowfield at full scale are the same as those which 
dominate the model scale results. 
• The centreline pressure results showed further evidence for the presence of 
separations in the clean tunnel for the smaller radii at low Reynolds numbers. 
The reduction in drag when the Reynolds number increased was shown to come 
from the sharp increase in suction on the leading edge radii, indicating that the 
separations had reduced, or that the flow had become fully attached. The 
addition of freestream turbulence also caused the pressure distribution around 
the radius to change, increasing the suction and indicating that the separation 
around the radius was reduced or absent. 
• The base pressure distribution was seen to be affected by both changes in the 
Reynolds number and changes to the turbulence intensity. Increasing either 
Reynolds number or turbulence intensity increased the base suction. 
• The PIV results showed that the I-box model is sufficiently long that there is 
separation and reattachment along the side of the model at low Reynolds 
numbers. As the Reynolds number increased, the separation bubble became 
shorter, and at a sufficiently high Reynolds number the separation bubble 
collapsed and the flow became fully attached around the radius, for both the 
30mm and 40mm front radii. This confirmed the general analysis put forward 
for the I-box model where the flowfield was described as having a pre-critical 
phase with separation and reattachment, a short critical region where the 
separation bubble collapsed, and a post-critical region with fully attached flow 
around the radius. 
• In the instantaneous PIV results for the clean tunnel, it was seen that there is a 
significant amount of vortex shedding from the point of separation, which 
occurred at the end of the radius. There was some evidence of unsteadiness even 
at low Reynolds numbers, but the vast majority of the frames recorded a 
relatively stable separation bubble with recirculating flow at the model surface 
and vortices in the shear layer. Increasing the freestream turbulence caused the 
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unsteadiness to increase, and frames where the flow had become attached 
around the radius were more frequent. The vortices more often reached the wall 
of the model causing increased unsteadiness and interrupting the reversed flow. 
Further increases in turbulence intensity caused more flapping of the shear layer 
and intermittently collapsed the shear layer. 
• The time averaged PIV results with increased turbulence also showed increased 
unsteadiness in the separated region, with up to 30% increases in the r.m.s 
velocities. The time-averaged separation bubble was seen to get shorter, acting 
to reduce the pressure recovery length. 
• The Windsor model has a typical drag characteristic with back angle, which was 
repeated in the Loughborough wind tunnel and matched previous results with 
the same model. The drag initially falls as the base gets smaller, and then rises 
with increasing vortex strength up to a critical angle, in this case 32.5°. At 
higher angles this flow breaks down and the drag falls to the same value as for 
0° back angle, with a separation at the end of the roof. 
• Increasing the freestream turbulence did not have an effect on the critical angle. 
It gave an increase in drag for 0° back angle, which was strongly dependent on 
the turbulence intensity. As the back angle increased, there was a shape 
dependent reduction in drag which reduced the drag back to the clean tunnel 
result for all turbulence levels at 32.5° back angle. For higher back angles there 
was an increase in drag, as was seen for the lowest back angles. From the I-box 
results it was seen that the rise in drag for the 0° back angle and highest back 
angles was partly due to raised base pressure and partly due to skin friction. 
• The rear lift results also showed a shape dependent reduction up to the critical 
angle with increased turbulence. It was suggested that the additional turbulence 
reduced the vortex strength and affected the separation over the roof, and that 
higher levels of turbulence had a stronger effect on the vortex strength. At back 
angles above the critical angle, the rear lift was higher with increased 
turbulence. The I-box results showed that increasing freestream turbulence 
increased the base pressure, resulting in increases in drag and lift in this case 
because the upper half of the base is at an angle to the vertical. 
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• Tests at different yaw angles showed that the yaw moment was not significantly 
affected by the addition of freestream turbulence. 
• Further tests were carried out on the MlRA full scale reference model, and good 
comparison was made between the baseline model and the Windsor model in the 
Loughborough tunnel. Front and rear spoiler tests were carried out, and 
additional freestream turbulence was found to improve the performance of the 
spoilers in lift but by a small amount. Following the I-box results it was 
suggested that the separation was smaller around the front spoiler and that led to 
the increased optimum spoiler size in raised freestream turbulence. 
• This result was repeated for two production vehicles, and the effect of 
freestream turbulence on wheel spoilers and cooling drag was also investigated. 
The performance of small wheel spoilers was shown to be adversely affected by 
additional turbulence, which may be because they are intended to produce a 
large separation that then pushes the flow around the front wheels, and increased 
turbulence is known to reduce the size of separated regions. There was very 
little effect of turbulence on cooling drag. 
• An investigation was also carried out into the flow over the side glass, paying 
particular attention to the A-pillar vortex. It was suggested, following the 
Windsor model results from the previous chapter, that the A-pillar vortex had 
become weaker with the additional turbulence, and it was seen that the area of 
glass affected by the vortex became larger and the reattachment line less 
distinct, indicating that the vortex might be deflected by the turbulent eddies as 
well as any possible weakening (that could not be measured). 
• The individual differences that were measured on the MlRA reference model 
and the production vehicles are all very small, but it is possible that added 
together they could produce a significant difference in overall lift and drag, if a 
vehicle was entirely designed at a higher level of freestream turbulence. 
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Appendix A - Hotwire 
The constant temperature anemometer system used in this thesis was a Dantec 
Dynamics Streamline system used with Streamware software. A single wire was used, 
of Dantec type 55Pll, connected to a Dantec long single wire support (55H21) that was 
connected to the Streamline system by a 4m long cable. The data were acquired using a 
National Instruments 16 bit general purpose DAQ card (NI-6052E) controlled and 
configured by the Streamware software to the correct settings for the Streamline kit. 
The Streamline kit has internal filters, offset and gain controls, which were used to set 
up the wire for the range of values expected both in the amplitude and frequency 
domains. The wire was calibrated by mounting it in the tunnel and recording the wire 
voltage against the pitot windspeed, both sampled for 10s and averaged. The ambient 
pressure and temperature were also recorded in the calibration process. A fourth order 
polynomial was then fitted to the calibration curve results, because the Streamline kit 
uses the voltages as recorded, post signal conditioner offset and gain, and so it is not 
possible to use King's Law. However, the polynomial is a very good fit to the recorded 
data, and the results were always checked to make sure that they fell within the bounds 
of the calibration. 
The traverse was always mounted so that the hotwire was on the centre of the model 
position both longitudinally and laterally, and the wire was traversed in the vertical 
plane over a greater height than the model. The standard sampling period was 
104.8576s at 10kHz. The results were analysed using software coded in Labview which 
calculated turbulence intensities, autocorrelation, spectra and pdf results by breaking up 
each sample into 8 blocks and ensemble averaging to reduce the noise. 
The following formulae describe the calculations that were performed by Labview 
(using built in functions): 
Turbulence intensity Tu = Lm.S / mean velocity 
00 
Autocorrelation Rxx(t) = Ruu = fu(r)u(t+r)dt 
-00 
where u is the fluctuating component of velocity, t is time, and 1: is the shift 
away from the starting time for the autocorrelation. 
Power spectrum = (FFT* (u) * FFT (u» / N2 
where FFT is the fast Fourier transform, * indicates the complex conjugate, u is 
the fluctuating component of velocity and N is the number of samples. 
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Appendix B - PIV 
The PIV system used in this thesis was a La Vision supplied sy~tem based around a 
LaVision Imager Intense camera and a New Wave dual pulsed Nd:YAG laser 
producing 50mJ per pulse. The system was controlled by DaVis 6.2 software. The 
seeder was a La Vision olive oil based seeder and the rake was designed by a process of 
trial and error, by first designing a rake and then using a single point smoke source to 
identifY where the rake should be extended to seed unseeded flow in the measurement 
area. 
The results were post processed using Da Vis software with the settings as described in 
the thesis and all the figures were produced using DaVis. Photoshop was used to draw 
the outline of the model on the time varying flow fields for clarity. 
The final seeding rake design is shown below with approximate dimensions: 
Im 
l.2m 
The tube is standard 22mm copper pipe for the right hand vertical pipe and 15mm for 
all other pipework. 5mm diameter holes for the seeded air to exit through were placed 
on the top and bottom of each horizontal section at 25mm spacing. 
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